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Abstract
 
Porous silicon materials were made by various synthetic methods and highlighted for anode 
materials for Lithium ion battery. Most of Porous Silicon has been prepared on the Si wafers but we 
employed 3D-interconnected pores to silicon at the bulk powder to alleviated the volume expansion 
during lithium alloy/dealloy. Herein, we applied metal-assisted chemical etching method at bulk silicon 
powder to produce urchin-like silicon of 1-3 µm in length of wires and 5-8µm sized particles. By 
controlling etchant concentration, deposed metal concentration, etching time and temperature, we 
optimized pore depth and core size of the silicon powder for good performance. However, native surface 
layer of silicon in which SEI layer formation occurs, influence the kinetics of lithiation/delithiation and 
the interfacial stability during cycling. Accordingly, surface of the sample is modified via functionalized 
groups (Si-OH, Si-O-Si, Si-H, Si-O-Li) through different chemical treatments, and the characteristic of 
each samples were confirmed from 29Si-MAS, FT-IR, XPS. 
Silicon, one of most promising anode, has been significantly challenged to improve the 
volumetric energy density related to the both material and electrode expansion, electrical conductivity 
and long-term cycle performance for the practical application. Herein, we demonstrated a synthesis of 
Si nanparticles embedded α-FeSi2 matrix in which α-FeSi2 acts as a buffer matrix for the expansion of 
adjacent Si expansion, and inter connected carbon enhance conductivity and reduce the side reaction of 
electrolyte and structural degradation. Our results reveals that the α-FeSi2/Si/Carbon (FSC) exhibits 
excellent electrochemical property in full lithium ion cell compared to α-FeSi2/Si (FS) and 
benchmarking sample of FS, FS/CNT, owing to the decreasing formation of SEI layers and good 
mechanical strength induced by carbon specious. The FSC anode in the full cell shows a significant 
improved capacity retention of 83% at 0.7C/0.5C charge/discharge rate between 4.4-3V after 200 cycles.  
 Silicon oxide (SiOx) is one of the silicon (Si)-based candidates for next generation anode 
materials beyond graphite in lithium ion batteries industry. However the fading mechanisms of Si-based 
anode have not been researched in detail with full-cells, though the volume expansion of Si is known 
as foremost issue of capacity decay and half-cells cycling test is not reliable for practical use of full-
cells. Here, we report practical investigation of the fading mechanisms of SiOx-graphite mixture (SG) 
full-cells test. We conclude that the extent of electrode swelling could determine the main fading reason 
of Si-based anode whether it follows rapid or gradual degradations and that of SG full-cell was 
estimated as the continuous SEI thickening which causes large over-potential and electrolyte depletion. 
The 200th cycle retention of our full-cell shows 70% with initial discharge capacity of 3.45 mAh∙cm-2, 
which is the higher area capacity compared to previous Si-based anode full-cell publication. This work 
will furnish a guide to make practical strategies of Si-based anode. 
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Chapter I 
 
 
 
1. Lithium ion battery  
 
 
Li-ion batteries are expected to be extensively used in energy preserve aspects as portable electronics, 
electric transportation and the renewable energy storage at the smart grid systems. Li-ion batteries 
enable to achieve high capacity, high rate capability, high energy and power density compared to Lead-
acid, Ni-Cd, Ni-H batteries. Further, the performance of LIBs such as energy density, output potential 
and cycle life are easily controlled by combination of various cathode/ anode redox couples and material 
properties. (Figure 1)2  
Lithium-ion battery has been commercialized by Sony in the early 1990s. At the beginning of 
development, the lightest lithium metal whose theoretical capacity is 3800 mAh/g tried to use in 
commercial cells as negative electrode. However lithium dendrite formation during the cycling caused 
critical safety issues of lithium batteries, lithium metal was replaced to graphite as anode materials.  
Li-ion secondary batteries are divided into lithium ion battery (LIB) and lithium ion polymer 
battery (LPB) depending on the electrolyte materials type. The Li-ion battery system has been used 
liquid type as electrolyte while Li-polymer battery system has chosen solid polymer type of electrolyte.  
Lithium polymer battery is significantly increased safety stability due to a little leakable solid electrolyte, 
it is favorable to make various shapes of batteries with sample packaging format. Li-ion/Li-polymer 
batteries can be categorized into 3 cell type; prismatic, cylindrical, polymer cell, and their applications 
are indicated in table 1.3 The global market of lithium ion batteries will be recorded in the 34.6% of 
growth rate per year. The main sales volume of smart phone and tablet PC is expected to increase as 
well as its capacity of battery gradually increased. 
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The market of global secondary battery exhibit $645 billion scale in compliance with 
development of mobile IT application market, and lithium ion battery accounts for 24.3% of market 
share. In addition, the market share of secondary batteries will reach to $1000 billion with expansion of 
the energy storage system (ESS) and electric vehicle (EV) market in 2017, and the proportion of lithium 
ion battery is expected to rapid increase with 40%.   
 
 
 
 
 
Figure 1. (a) Characterization of the main three kinds of EVs; light EV, PHEV and full EV, in terms of 
performance and battery properties. (b) Ragone plot.2   
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1.1. Basic principle of Li-ion Battery  
 
Lithium ion batteries (LIBs) is driven for the electrochemical potential difference between 
positive electrode and negative electrode. During the charge process lithium ion moves across the 
electrolyte from anode (positive electrode) to cathode (negative electrode), and electrochemical 
reduction occurs at negative electrode. Through the reverse procedure of discharge process, the reaction 
is vice versa. The definition of electrodes are followed by discharge process which is spontaneous 
reaction for production of electric energy, we call cathode as positive electrode and anode as negative 
electrode.  
The overall reaction is described as followings:  
The next equation is the half-cell reaction at the positive electrode (LiCoO2): 
 
 
 
Followed reaction is the half-cell reaction at the negative electrode (LixC): 
 
 
 
Overall reaction;  
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Table 1. Li-ion batteries configuration and characteristics 
 
 Prismatic cell Cylindrical Cell Li-ion polymer cell 
Main purpose Mobile phone, PDA 
Laptop PC, 
Camcorder, 
 Electric-drive tool  
Mobile phone, PDA, 
Audio, Bluetooth 
Capacity 91-107 mAhcm-2 27-143 mAhcm-2 94-117 mAhcm-2 
Characteristics 
- Variety type 
- Easy compatibility 
with communication 
devices 
- Stable discharge 
- Long life time 
- Flexibility 
- High energy density 
with light weight 
Main manufacturer 
Sanyo, Sony, BYD, 
Samsung SDI, LG 
Chem. 
Sanyo, Sony, 
Panasonic, Samsung 
SDI, LG Chem. 
Sanyo, Sony, 
Panasonic, Samsung 
SDI, LG Chem. 
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1.2. Materials in Li-ion battery  
 
 
 
Li-ion batteries are composed of four main components, cathode, anode, electrolyte and 
separator. The proportion of Li-ion batteries components is 36% of cathode, 13% of anode, 14% of 
separator, 9% of electrolyte, 12% of copper foil, 4% of aluminum foil and 12% of others.(Figure 2) Up 
to now, most of cathode material was occupied LiCoO2 which showed high energy density, high 
working voltages and high stabilities in room temperature operation with easy sol-gel synthesis method. 
The cost of cathode materials accounts for the great part of LIB cost, thus it is required to increase the 
capacities 150mAh/g of nowadays to over 200mAh/g for next generations with decrease the cost of 
cathode materials.4 In terms of anode, carbonaceous materials are dominantly used in Li-ion batteries 
such as MCMB (graphitized Meso Carbon Micro Beads). Carbon materials exhibits high stabilities and 
reversibility which critically affects the performance of batteries, while the theoretical capacity of 
372mAh/g has been limited for the various application. To meet the demands of high capacity, high 
energy density materials of anode materials, metal alloy such as Si, Sn materials has been investigated. 
Electrolyte which is intermediate of Li-ion to cathode and anode consists of lithium salt and organic 
carbonate. The battery performance is significantly concerned the composition of electrolyte and 
characteristic of electrode materials.5 Separator transfers the lithium ion between cathode and anode 
passing through the pores on the film. In addition, separator critically assists in the battery stability. For 
example, when the batteries are exposed to heat above 150 ºC, it induced rapid thermal shrinkage 
resulted in an internal short-circuit to prevent explosion of the battery. In terms of safety, the 
improvement of thermal properties of separators has been greatly highlighted. Current collectors 
functions as electrons receiver from or to external circuit. Aluminum for cathode and copper for anode 
thin metal foil are substrate for electrode slurry coating. The main characteristics of current collector 
has been considered the thickness and surface roughness. Generally, 8-10 μm thickness of foils has been 
used, but the thickness under the 6 μm is required to development of thinner characteristic in slim 
mobile application.  
The proportions of cost for LIB account for 50-60% of four main components such as cathode, 
anode, electrolyte and separator. Depending on the characteristics of these components, it is determine 
the capacity, cycle-life and stability of battery. Moreover the BMS (Battery Management System) also 
should be considered to maintain safe battery condition during cycling. It prevents the over charge and 
discharge on the charge/discharge process, and enhanced energy efficiency and cycle-life with 
uniformly distributed current for the cell. 
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Figure 2. The proportion of material cost in Li-ion battery components  
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2. Overview Anode material 
 
Anode materials governed the characteristics of high energy of LIBs with controlling of 
capacity, power, and stability. It is classified by lithium reaction mechanisms, such as graphite, TiO2, 
Li4Ti5O12 of intercalation, Si, Ge, Sn of alloy and Fe2O3, Co3O4 of conversion materials as shown in 
figure 3.6 
 Anode materials in nowadays have been used natural graphite and artificial graphite due to 
its superior reversible Li intercalation property. Depending on the thermal treatment temperature, 
carbonaceous materials are categorized by high crystalline carbon and low crystalline carbon. Artificial 
carbon has high graphitic structure than natural graphite, showing stable cyclability. Low crystalline 
carbons such as soft carbon and hard carbon do not develop the graphitic structure well so that the cycle 
life is relatively poor than high crystalline carbon whereas the characteristic of high rate discharge due 
to fast lithium ion intercalation/deintercalation between disordered layer. For a trend of LIB cost 
reduction, anode material has been prepared mixture type of artificial graphite of high cost and natural 
graphite of low cost, but artificial graphite has been expended to EV application owing to its structural 
stability and long cycle life.        
However, the theoretical capacity of graphite is only 372mAh/g, new anode material should 
be investigated to solve low capacity of graphite. For the next generation anode materials, metal alloy 
elements such as silicon, germanium and tin have been suggested, but it is hard to use in practical 
electrode due to electrode desorption from the current collector caused by huge volume expansion 
during cycle.
7
 In terms of the strategies for the volume expansion, silicon/carbon composite materials 
has been suggested to achieve high capacity, but the amount of silicon contained in materials are 
exceedingly limited in practical approach.8  
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Figure 3. Classification of anode materials based on the reversible Li insertion and extraction process   
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2.1. Carbonaceous materials   
 
Anode materials for LIBs has been used graphite such as natural graphite, artificial graphite, soft carbon 
and hard carbon etc. The application of LIB has been expanded to the IT to EV and ESS, it is require to 
the high power performance and long cycle life time. To meet these demands of anodes, natural graphite 
and soft carbon based anode materials have been utilized in the LIB market. The application of LIB for 
the common applications expect power tool, most critical consideration arguments were high capacity 
and low cost. Therefore, natural graphite which shows cost effective with high energy density has been 
widely used in IT application. However the demands of LIB in EV and ESS application should be 
increased for foreseeable future, and the artificial graphite and soft carbon will occupy the market of 
ESS and EV application due to limitation of natural graphite.  
The maximum cycle life of batteries for IT application is about 4-5 years, but the battery for 
eV and ESS application should be guaranteed 10 and 15 years, respectively. In accordance of life time, 
blending system of natural graphite and artificial graphite showing long-cycle life are suggested. In 
terms of high power output, the only power tool required temporary high power. However qualification 
of high power output will be needed in the eV application due to high-rate charge/discharge process, 
usage of hard/soft carbon will be increased. In case of ESS, although high energy density and cycle life 
is essential factors than high power for the long term period installation, short period installation is 
required momentary high power output for the operation, soft/hard carbon will be utilized. [Table 2]  
 
 
10 
 
 
 
 
 
 
 
 
Table 2. Main required characteristics of application of battery  
 
  zero ranking 1st ranking 2nd ranking 3rd ranking 
Small sized  
Mobile  
Cost 
Stability  
High energy density (620 Wh/cc) Long cycle life Fast charge  
Power tool High power (37W) High capacity Fast charge  
EV 
HEV High power (10kW) Fast charge Long cycle life 
PHEV High capacity (30Ah) High power  Long cycle life 
EV High capacity (>50Ah) Long cycle life High power  
ESS Long cycle life (20 years)  High capacity Fast charge 
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Table 3. The comparison of various graphite  
 
Artificial graphite had been widely used as anode materials for past decades rather than natural 
graphite, because previous natural graphite showed low initial charge efficiency. However, the 
development of natural graphite reaches up to 90% of initial charge efficiency through surface treatment 
or modification, cost effective natural graphite has been continuously occupied anode market. The 
crystalline structure of artificial graphite is fabricated under the thermal treatment of >2500 ̊C high 
temperature, so the crystallinity is more stable than that of natural graphite with long cycle life. (Table 
3). Generally artificial graphite based anode materials has been represented long term cyclability, it is 
guaranteed 10 years of battery life. The cost of artificial graphite is higher than that of natural graphite 
due to the high temperature treatment procedure, thus optimization of natural graphite should be 
investigated.  
 
 
 Natural graphite Artificial graphite  
Soft/Hard 
Carbon 
Energy density     
Power     
Cost   (Low)  (high)  
Cycle life     
Heat treatment temp. 1000-1300 ̊C >2500 ̊C 1000-1300 ̊C  
Specific capacity 
(mAh/g) 
360 365 235 
Volumetric capacity 
(mAh/cc) 
553 560 315 
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Figure 4. (Up) Crystalline structure of artificial graphite depending on the synthetic temperature, 
schematic illustration of (a) graphite, (b) nongraphitizable carbon and (c) graphitizable carbon  
The crystalline structure of soft/ hard carbon is not stabilized, lithium insertion and extraction 
reactions is easier than others. So, it is favorable to use in eV application because of its fast charge 
characteristics. Especially soft carbon based anode materials show four times higher performance than 
that of graphite in terms of charge. Short-term ESS also needed high c-rate charge capabilitiy, soft/hard 
carbon anode will be used in this application. Hard carbon which shows high working voltage range 
and small volume changes compared to the graphite has been investigated for the application of electric 
vehicle application with high power performance. However high density and large irreversible capacity 
characteristics of hard carbon decreases electrode density and battery efficiency, respectively. (Figure 
4)    
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2.2 Metal alloy Materials   
 
The alternative materials of Li metal, tremendous metal alloy materials such as Si, Ge, Sn, P, 
Al, Fe, Co, Ti, etc. have been suggested during past decades. (Figure 5) The theoretical capacities for 
the alloying phases can be significantly higher than that of carbonaceous materials, especially in group 
ΙV and V elements. Among them, silicon is the most attractive anode materials, and researchers has 
been widely studied on the specific types of Si anodes due to its large theoretical capacity (~3800 mAh 
g-1). 9,10 However, during the charge/discharge process, it is accompanied sever volume expansion leads 
to fast capacity fading in silicon-based anode. Sn-based materials with high lithium diffusivity 
coefficient can be show fast charge/discharge capabilitiy, and also capacity is 20% large than graphite 
anode. Nevertheless, Sn-based anode also show appears large volume change during the Li 
insertion/extraction, it is challenging to increase cycle-life capability.  
To solve the problems of short cycle life in silicon and tin based anode, it has been studied to 
the modification of nano structure and introduction of inactive matrix to active materials for prevent 
pulverization from the current collector.    
 
 
 
 
 
 
Figure 5. (a) Volumetric capacities calculated at the full lithiated state and (b) gravimetric capacities of 
elements.  
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2.3 Metal oxide 
 
In case of metal oxide such as SiO2, Fe2O3, Co3O4, it has high cycle stability and high power 
density, but it has still tremendous obstacles to use in practical lithium ion anode materials because of 
its large initial irreversible capacity and low electrical conductivity in electrochemical performance. In 
this regard, morphology controlled and carbon coated metal oxide have been studied to improve a 
battery performance.11 On the other hands, the Ti-based materials is one of the challenging materials 
among the metal oxide candidates. The Li4Ti5O12 (LTO) which exhibits 1.5V operating voltage has been 
proposed to anode materials showing less electrolyte decomposition. Generally, the values of 1.5V 
(Li+/Li) operating voltage is considered quite high, but it is accessible to use in combining 5V class 
cathode electrode for high power and energy density.12  
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Table 4. The characteristics of anode materials for next generation LIB. 
 Type Materials Characteristic 
Metal alloy 
Si 
Si nano-materials,13-15 Si/C16,17, NiSi2, Cu3Si, 
Mg2Ge/Si, Si-Sn18, etc. 
Theoretical capacity of Si : 4200 mAh g-1 
Low cost 
Extreme volume expansion 
Sn 
Sn-Co-C, Ni3Sn4, Sn62Ni38, La3Sn, 
La3Ni2Sn7, Sn/SnSb, Sn-Ag, etc. 
High lithium diffusivity 
Easy synthesis 
Sever aggregation, large volume change 
Ge Ge nano-materials19,20, Mg2Ge, etc. 
High cost 
High lithium diffusivity 
Metal oxide 
Intercalation type 
TiO2(B), TiO2(H), Li4Ti5O12, LiTi2O4, SiO2,21 
Li1.1V0.9O2, MoO2, etc. 
High reversible characteristic 
Fast charge/discharge 
High working voltage 
Conversion type CoO, SiO, Co3O4, ZnFe2O4, Fe2O3,22 etc 
Relatively high capacity 
Large irreversible capacity 
Others N, P Li-Co-N, FeP2,23 CoP3,24 etc. 
High reversibility 
High capacity 
Poor cyclability 
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3. Si-based anode materials  
 
 
 
3.1 The electrochemistry of Si-based materials.  
 
 
Silicon is one of the most fascinating materials of the alloying elements due to its high 
theoretical capacity and low cost, relatively low working potential. Silicon based anode materials have 
been widely studied for the various practical application. Based on the Li-Si phase diagram shown in 
Figure 6, Li-Si comprises the LiSi, Li12Si7, Li7Si3, Li13Si4, Li15Si3, and Li21Si5 binary phases and its 
structure represented in figure 7.25  
 
 
 
 
 
Figure 6. Phase diagrams of Li-Si alloy 
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During the lithium insertion, it was shown that the crystalline Si was destructed at 0.05V 
(Li/Li+) and the anode was clearly converted to an amorphous structure without formation of any 
intermediated Li-Si alloy crystalline structure. At the end of the lithiation, new crystalline compound 
was formed with the structure Li15Si4 confirmed by ex-situ XRD, and HR-TEM.
26,27 The behavior of Si 
upon lithiation in Li-ion cell at temperatures near 400 ̊C showed the formation of binary crystalline 
Li22Si5 which close to theoretical capacity of 4200mAh g-1, 
10 while the Li15Si4 crystalline phases 
showed until the potential reached 0.05V (Li/Li+) at the room temperature experiment. However, the 
characteristics of silicon such as morphology, particle size are dominantly affected the electrochemistry 
of materials, various approaches has been suggested to practical use of Si materials.   
 
 
 
 
 
 
 
 
Figure 7. The structure of various Li-Si alloy composition. 
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Figure 8. Galvanostatic charge-discharge profiles for micro-Si anode. 
 
 
As figure 8 shows, a bulk-Silicon anode exhibited a charge capacity above 3300 mAh g-1 and 
a discharge capacity close to 1200 mAh g-1, corresponding to a coulombic efficiency of only 36% at 
initial cycle. During further cycling, drastic capacity fading was observed within 5 cycles, which 
resulted in a reversible capacity below 500 mAh g-1. 
28
 The Li insertion reaction into Si results in the 
formation of consecutive Li-Si alloys, each of which result in continuously large volume expansion of 
the parent lattice. Table 5 shows the information for crystal structure, unit cell volume and volume per 
silicon atom for each Li-Si alloy formed during the process. It represent that the volume per silicon 
atom for Li22Si5 and Li13Si4 alloy is 4 and 3.3 times larger than that of parent silicon atom, respectively, 
i.e., a 400% volume expansion of the silicon lattice happened. This results in cracking and pulverization 
of the electrode, with active material loss via reduced electrical contact leads to sever capacity fading.  
 
Table 5. Crystal structure, unit cell volume and volume per Si atom for the Li-Si system 25 
 
Compound and 
crystal structure 
Unit cell 
volume (Å 3) 
Volume per 
silicon atom (Å 3) 
Silicon cubic 160.2 20.0 
Li12Si7 (Li1.71Si) orthorhombic 243.6 58.0 
Li14Si6, (Li1.71Si) rhombohedral 308.9 51.5 
Li13Si4, (Li3.25Si) orthorhombic 538.4 67.3 
Li22Si5, (Li4.4Si) cubic 659.2 82.4 
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As we discuss above, J. Li and J.R Dahn reported that the phase transition and the composition 
of LixSiy during the cycling were confirmed by in-situ XRD measurement. Figure 4a showed the 
potential vs capacity profiles for the in-situ X-ray cell cycled at 0.01C rate between 0.005-0.9V. During 
the first lithiation process, a broad plateau is shown between 0.12 and 0.08V, then profile shows a 
changes as full capacity reached. On the other hand, during the delithiation, the potential rapidly 
increased to about 0.4V, then single plat plateau is observed corresponding to a two-phase region, 
followed by an upwardly sloping region of single-phase. The second lithiation profile is fairly different 
from the first lithiation, shows three sloping plateaus.   
 
 
 
 
 
Figure 9. (a) Potential vs specific capacity profiles for the in-situ XRD cell tested under the 0.01C rate 
between 0.005-0.9V. (b) Differential capacity vs potential plot for the calculated from the data (a). The 
inset of (b) focuses on the plot at low potential.  
 
 
Based on the voltage profile, the plots of differential capacity vs potential shows in Figure 4b. 
The huge peaks indicating the two-phase reaction was observed in the first cycle, and second discharge 
distinctly different from the first process as we expected from the voltage profiles meaning different 
phase formation occur. The in-situ XRD reveals that the intense Si peaks has been gradually decreased 
to amorphous phase which coexists with crystalline Si during the two phase-region. When the potential 
reaches to the end of the lithiation, the sudden appearance of peaks indicates the quick crystallization 
of the amorphous LixSi phase to Li15Si4 matching to the slope change in the voltage profile at 60mV.   
On the other hand, the Li15Si4 phase decreased gradually during the delithiation, and remarkably, no 
crystalline Si peaks form again with different from the lithiation. The 2nd lithiation shows again the 
Li15Si4 at the end of the charge represented in the dq/dv plots in figure 9b. The phase changes of Si 
anode during the 1st cycle and 2nd lithiation are summarized in the figure 10.  
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Figure 10. Schematic phase diagram as function of lithiation in crystalline Si anode. 
 
Meanwhile, T.D. Hatchard and J.R. Dahn reported the electrochemical reaction of amorphous silicon 
conducted by in-situ XRD study. The amorphous phase of silicon can exhibit better capacity retention 
and cycle-life than its crystalline phases while providing a high Li-ion diffusivity owing to the presence 
of defects like grain boundaries and the absence of long range order, followed by a homogeneous 
lithium distribution upon lithiation.29 The a-Si are lithiated by similar mechanisms to the two-phase 
reaction that occurs during lithiation of c-Si, but the kinetics of the reaction and facture behavior are 
extremely different than in the crystalline phase.26,30 Figure 11 summarized the Li reaction mechanisms 
at first lithiation of c-Si and a-Si phases. The c-Si undergoes anisotropic lithiation, while a-Si is lithiated 
isotopically, and the concentration of Li in the lithiated phase is lower than the c-Si phase.  
 
 
Figure 11. Summary of the first lithiation and subsequent cycling of a-Si and c-Si. 
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3.2 Nano- engineering of Silicon materials 
 
Despite remarkable characteristics of Si materials such as high capacity, low operation 
potential, its intrinsic drawbacks yield difficult challenges in the practical application of Si. The most 
critical problem of volume expansion causes cracking and crumbling of the electrode materials and a 
consequent loss of electrical contact between individual particles and hence sever capacity drop. [R]  
The concept of using Nano engineering of Si materials such as nano particle, nano wire, nano belt, nano 
tube, hollow nano particle, have been widely studied, and its electrochemical performance has been 
effectively improved due to its geometrical advantages. Schematic illustration of Si electrode failure 
mechanisms are displayed in figure 12.  
 
Figure 12. Si electrode degradation mechanisms: a) material fracture, b) morphology and volume 
changes of the entire Si electrode, c) continuous SEI growth 1  
 
The large volume expansion/contraction during the lithation/delithiation induces large stresses. 
Because of these stress, cracking and pulverization occurs in Si particles, and it leads to loss of electrical 
contact and pulverization. This phenomena probably faces to most of the capacity fading using film, 
bulk Si and large particles of Si. (Figure 12a) However, in terms of electrode level, active material loss 
and limitation of electrical contact occurs in entire electrode due to huge volume expansion of Si 
particles. This drastic electrode change can further contribute to capacity decay. (Figure 12b) Finally, 
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the electrolyte decomposed products induced below ~1V (Li+/Li) potential of the anode is formed on 
the surface of Si particles, called the “Solid-electrolyte interphase” (SEI). This layer required to be 
stable and dense, and it should be electronically insulating and ionically conducting to prevent further 
side reaction from occurring.  
 
As we discuss above, it is well known that as the grain size is decreased to nanoscale, the 
motion and stacks of dislocation are restricted or eliminated in nanosized grain or particles leads to the 
yield and facture strength of alloys dramatically increased. This indicates that nanocomposite anode can 
endure much higher stresses before pulverization. Moreover, the rate capability can be greatly improved 
with nanomaterials having small dimensions, owing to decreased electronic and ionic transport distance 
and reduced the stress or strain induced by inhomogeneous Li diffusion. As shown in figure 13, the 10 
nm size controlled Si nanoparticle shows stable electrochemical properties without any aggregation and 
pulverization after cycling, due to stimulating of charge transfer between electrode and electrolyte with 
high specific surface area..13 Si nanowire and nanotube also allows for better accommodation of the 
large volume changes without the initiation of fracture which is generally observed in bulk or micron-
sized materials.14,31,32 The volume expansion of Si materials are significantly governed by its 
crystallographic orientation, and detail will be covered in section 3.3.  
 
 
Figure 13. TEM images of 10nm sized n-Si a) before cycle, b) after 40 cycles, c) voltage profiles of 5, 
10 and 20 nm sized n-Si and 10nm sized n-Si after carbon coating during the first cycle, b) plots of 
charge capacity vs cycle number.   
C) 
d) 
a) 
b) 
23 
 
Hollow structure allow void interior space for the volume expansion, which provides 
tremendous advantages, including the development of lower diffusion-induced stresses. A finite 
element model was suggested to calculate the diffusion-induced stress during the lithiation of hollow 
Si. (Figure 14) Based on the calculation, the outer part of hollow Si is lithiated first and expands but is 
constrained by the inter part of sphere which exists unlithiated. Thus the outer part and inner part will 
experience compressive and tensile hoop stress, respectively. When the maximum tensile stress induced 
in the structure breaking will take place. Compared the value of maximum tensile stress for hollow and 
solid sphere, hollow Si sphere is 5 times lower than that in a solid sphere with an equal volume of Si. 
This indicates that the hollow sphere will fracture less readily.   
 
 
 
 
 
Figure 14. Theoretical modeling of stress evolution during lithiation in a (a) hollow sphere vs a (b) 
solid sphere with same volume of Si.  
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In terms of material design, the pulverization and fracture problems of Si electrode can be 
successfully released by employing various nanostructures adopting void space in the materials. For the 
effective model of volume-change- accommodating materials, the design of Si with shape preserving 
carbon shell has been suggested.   
 
 
Figure 15. (a) The computational modeling of shape changes of a Si tube inside a rigid nanopore during 
reaction with Li, (b) SEM and (c) TEM images of the silicon tube with carbon shell.  
 
 
The main strategies of the designing hollow structure is mainlining the electrical conductivities 
of active materials during the repeated charge/discharge process. Figure 15a demonstrates the 
elastoplastic ring inside a circular constraint which assumes the volume changes in a long Li-Si tubes 
to be accommodated by wall thickness leads to the tube length remains unchanged. The Si inner tube 
showed reversible changes without external restriction compared to the morphology of Si before and 
after 10th cycles. (Figure 15b,c) The compressed Si tubes were attached to one of the CNT walls, 
maintaining electrical contact, giving high value of Coulombic efficiency after further cycles. One of 
the fascinating approach of demonstrating hollow structure is to be engineered an empty space between 
Si nanoparticles by encapsulating them in hollow carbon tubes. (Figure 16)  
 
 
 
 
 
(a) 
(b) (c) 
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In this structure, the rigid carbon shell allows the Si-Li alloy to expand inside rather than 
outside, prohibiting the entire electrode from experiencing Si volume expansion. This distinctive action 
yield stable SEI formation upon cycling due to preventing morphological changes in the external surface 
are corresponding to the restriction of continuous growing of SEI layer. Finally, stable electrochemical 
performances for over 200 cycles conducted with exhibiting an average CE lager than 99.6% after the 
1st cycle. (Figure 16c).  
 
 
 
 
 
Figure 16. a) Schematic illustration of the material synthesis for SiNp@CT structure. b) SEM images 
of synthesized SiNP@CT, c) charge-discharge cycling test of SiNP@CT electrode at current density of 
1A g-1 for 200 cycles. Dashed line indicates the theoretical capacity of graphite anode.  
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Similarly, Cui’s group suggested a series of analogous concepts: a double-walled Si nanotube33 
(Figure 17); a yolk-shell structure34 and a pomegranate-inspired structure35 (Figure 18). A double-
walled Si-SiOx nanotube (DWSiNT) anode, (Figure 17a) in which the inner wall is active Si and the 
outer wall is confirming SiOx, allows the electrolyte only contacts the outer surface with preventing 
penetration of inner hollow space. As a result, Li ion passes through the mechanical rigid outer wall and 
reacts only inner Si which leads to the inward into the hollow space of expansion. Moreover, the 
formation of thin SEI on the mechanical clamping layer of SiOx perfectly helps to achieve high CE 
after 1st cycles, resulted in the stable cycling of a Si anode with 6000 cycles at 12C. (Figure 17b)   
 
 
 
Figure 17. a) Schematic of SEI formation on Silicon surface; Designing a mechanical constraining 
layer on the hollow silicon nanotube can prevent silicon from expanding outside towards the electrolyte 
during the lithiation, thus a thin and stable SEI can be built. b) charge/discharge capacity and CE of 
DWSiNTs at 12C for 6000 cycles.  
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Another designing for the purpose of effective volume accommodation, yolk-shell has been 
suggested with void space in between the particle and the shell. The well-defined void space allows the 
Si particles to expand freely without breaking the outer carbon shell, thus it induced good cyclability 
and rate capability with stable SEI formation on the shell surface. To develop the industrially scalable 
fabrication of Si anodes, a pomegranate-inspired structure within the primary particles of yolk-shell 
formed the secondary particles was developed, showing an increase in the tap density and a high mass 
loading density with stable, long-term cycle life.(Figure 18) 35  
 
 
 
Figure 18. (a) Schematic of pomegranate-structured silicon describing snug void spaces for volume 
expansion and stable SEI layer after cycling. b) high mass loading test of silicon pomegranate anode. 
(up to 3.12 mg cm-2 active materials)  
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3.3 Si-carbon composite structure  
 
 
 
Figure 19. Schematic view of the preparation of (a) Si@carbon core-shell nanowires using a SBA-15 
template, (b) carbon@Si core-shell nanowire fabricated by a-Si coated onto carbon nanofiber.   
 
 
One of the limitation of Si materials to apply practical industry is low electrical conductivity, 
which is 105 order lower than that of graphite. To overcome this issues, several carbon coating method 
has been suggested using various carbon sources such as carbon template16, polymer36-39, CNT17,40,41, 
CNF, thermal decomposition of carbon driven gases8, graphene42,43, reduced graphene oxide44, 
sucrose38,45, citric acid46, graphite, etc.  
  Figure 19a shows the mesoporous silicon-carbon nanowires prepared by a SBR-15 hard 
template, exhibiting excellent rate capabilities of 2462 mAh g-1 at 1C, even the 78% cycle retention at 
2C, compared to 0.2C. The mesoporous materials have ordered internal pores that can be flooded with 
electrolyte, ensuring a high surface area in contact with electrode and thus, a high flux of lithium across 
the interface. In addition, the uniformly developed thin carbon wall induces short diffusion paths for Li 
ions on lithiation/delithiation and electrons and hence equal high rates of transport throughout the 
materials. The schematic view of carbon-silicon core-shell nanowires synthesized via chemical vapor 
deposition of amorphous Si onto carbon nanofibers are displayed in figure 19b.   
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Figure 20. a) Schematic of amorphous Si/Graphene composite exhibiting self-compacting behavior 
during cycling, b) electrode thickness decrease of the composite materials after 100 cycles and top view 
SEM images of the electrode before and after 1st cycle.  
 
 
Recently, the graphene has been highlighted for several years as an ideal matrix of composite 
materials for high performance anode in lithium ion batteries due to its excellent electronic and 
mechanical characteristics. Moreover, its high flexibility and electrical conductivity can be fascinatedly 
utilized on Si composite to supplying electrical network throughout the whole electrode and 
accommodate the volume expansion of Si during the lithiation/delithiation process. Figure 20a 
illustrated the graphene-based Si nanocomposite which shows the significantly released the induced 
stress and strain and prevented the interference between adjacent particles during the volume changes. 
Moreover, the highly flexible graphene provided an unprecedented decrease in electrode thickness after 
cycling as a result self-compacting. Hence, this sample showed outstanding electrochemical 
performance in alleviating the detrimental effects of the volume expansion/contraction with improving 
charge transfer, Li-ion diffusion and electronic conductivity.  
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3.4 Si alloy composite structure  
 
 
The study of alloys of the active materials is one of the alternative areas of research in negative 
electrode development. Alloying materials are commonly categorized into 1) active/active alloys, 2) 
active/inactive alloys depending on the electrochemical reactivity of Li ion. Active/active alloy 
elements result in electrochemical behavior, which is slightly different from the parent elements, 
following kind of conversion reaction.  
 
Li + MaXb ↔ aM+ bLinX 
 
In this section, we will focus on Si alloy composite, so that X and M should be Si and transition 
metal such as Ti, Ni, Ge, Zn, Sn, Mg, Fe, Al, Ag, Pb, Bi, etc. respectively. This Si alloy materials are 
accessible to formation of many new combinations which could potentially serve as high capacity, high 
energy density electrode materials. In the Si-active metal alloy structure, when Si is existed in nano-
sized regions within a matrix of other active elements, the formation of Li15Si4 can be mitigated, causing 
good electrochemical performance. Santos-Pena et.al investigated the lithium reactivity of Si alloy 
Mg2Si and MSi2 (M = Ca. Fe). Based on the XRD analysis, the small amount of Mg2Si, CaSi2, FeSi2 
reacts with lithium in electrode, and Li3Si phases are detected during the cycling. The capacity as high 
as 690 mAhg-1 have been measured for the Mg2Si sample, while CaSi2 and FeSi2 shows only 250 and 
100 mAhg-1 capacity, respectively, with fast capacity fading.47 However, it is able to achieve throughout 
the morphology control of materials, for example, very thin film of Mg2Si shows to cycle at 2000 mAhg
-
1 over 100 cycles with stable cyclability.48  
A Si1-xSnx alloy were studied on the various material composition. The reversible capacity of 
3500 mAhg-1 can be arrived for thin film of Si-Sn with high Si content, which means Si element mostly 
contributed entire capacity of alloy materials.49 In case of Si0.66Sn0.34 thin film electrode, a reversible 
capacity of 1800 mAhg-1 and an average working voltage of 0.5V. Such a thin film structure would have 
a volumetric capacity of 2160 AhL-1 with a 260% volume changes, according to standard lithiation 
model. This feature suggested that in a stack energy density of about 940 WhL-1, which signified a 30% 
enhancement over graphite.50,51  
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Figure 21. Schematic illustration of pristine STN and nitrated STN electrode during the cycling.  
 
 
The Si-Ti-Ni (STN) ternary alloy anode significantly improved reversible capacity, cycle 
performance and rate capability. Under the NH3 stream, nitride compounds converted from the metal 
oxide could be formed on the surface of SNT sample, which is highly beneficial to the electronic 
conductivity and mechanical hardness compared to their metal oxide forms.52  
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Another alternative way used to suppress Si volume expansion has been to make a composite 
structure consisting of an inactive matrix in which is uniformly dispersed. An inactive matrix used in 
anode acts as a buffer and accommodates the volume expansion in the Si active materials, so preventing 
active material loss and pulverization of the anode. The inactive matrix should be satisfied four kinds 
of properties; 1) Mechanical strength suitable for relaxation of the stress from Si, 2) high electronic 
conductivity, 3) less reactivity with lithium, and 4) high thermodynamic stability to effectively functions 
as active materials. Several Si compounds containing inactive matrix, such as SiB3, NiSi2, FeSi2, CoSi2 
has been investigated as anode materials by Netz at al.53 Such a silicides are completely inactive with 
lithium in room temperature, only small Si impurities can result in measurable capacities. Subsequent 
studies have reported the composite materials of inactive matrix/ Si phases, which is mostly fabricated 
via mechanical milling method with various Si precursors.54-56  
   
 
Figure 22. Nano-Si/FeSi2Ti hetero-structure (a) HR-TEM images of before and (b) after 50
 cycles, c) 
schematic view of the nano-Si/FeSi2Ti hetero-structure during charge process.  
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Figure 22 displayed as-prepared nano-Si/FeSi2/Ti hetero structure synthesized via melt-spinning 
process, the FeSi2Ti alloy plays roles as a mechanically supporting backbone and as an electronic 
pathway for the active Si fixed to its surface. The FeSi2Ti matrix greatly contributed to the stabilization 
of the cycle retention and improved conductivity, as well as mitigated the volume expansion of Si during 
the lithation.55  
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Chapter II 
 
 
Critical Thickness of SiO2 Coating Layer on Core@Shell Bulk@Nanowire Si Anode 
Materials for Li-ion Batteries 
 
 
 
 
1. Introduction  
 
For the medium and large size energy storage devices, lithium ion batteries are required high 
capacity, high rate capability, and high energy density electrode materials. To meet these, silicon is 
being considered as the most promising candidate among the anode materials because of high 
theoretical gravimetric and volumetric capacities of ~ 3700 mAhg-1 and 2200 mAhcm-3, respectively.[1] 
However, the most challenging problem of Si is the drastic volume change of > 400 %, which resulted 
in capacity loss with cycling.[2] To overcome this problem, various approaches, such as active/inactive 
composites,[3-12] morphology controls (nanowires,[13-18] nanotubes,[19-21] core-shell structures,[22-29] 
porous structure[30-33] etc.) and polymer/organic binders,[34-37] have been reported. In the Si anode, 
carbon coating layer should be introduced to minimize the side reactions with the electrolytes and 
increase the electrical conductivity to achieve high rate capability. In addition, once Si particles were 
pulverized during cycling, broken carbon layers which were dispersed between the particles are 
believed to retain the conduction pathway during the initial cycles.[38] For instance, our previous study[31] 
clearly supports the effect of carbon coating, and after carbon coating on bulk Si, its capacity retention 
was similar to the bare one after cycling. However, its capacity retention to 10 cycles was higher than 
the bare sample, indicating that fragments of fractured carbon layer would retain electrical conductivity 
between the pulverized Si particles in the composite electrode. However, in the end, capacity retention 
of the coated Si sample was identical to the bare one, showing that accelerated formation of new solid 
electrolyte interface (SEI) layer on the pulverized Si particles may result in the catastrophic failure of 
electrical contact between fragments. 
Recently, Cui et al. reported that Si nanowire (NW) with a native SiO2 surface coating layer 
of ~3.4 nm could suppress the volume expansion during the first lithiation for the NW with diameter of 
< ~50 nm using ex situ TEM experiment. [39] However, once the NW diameter exceeded > 100 nm, its 
coating layer did not contribute to suppress the volume expansion. Suppression of the volume expansion 
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by using metal oxides (SiO2, ZrO2, Al2O3, and TiO2) coating in the electrode materials was firstly 
reported by Cho et al.[40] They proposed that depending on the coating material and its coating thickness 
on the cathode, its volume expansion degree can be controlled. However, too thick coating layer 
diminished the specific capacity and Coulombic efficiency after all. In terms of volume change of the 
anode material, the change of the composite electrode after cycling should be considered because 
repetitive cycles could lead to more drastic change than the single particle. Another important issue for 
the Si anodes is the electrode density. For instance, fully porous Si particles with a carbon coating layer 
of ~10 - 20 nm demonstrated significantly improved capacity retention by 50%, compared with bulk 
analogue.[31] However, its electrode density was low due to the porous nature. Accordingly, its 
morphology should be redesigned, and a particle consisting of bulk@nanowire core@shell may be the 
best candidate.  
In this study, we report the critical SiO2 coating thickness on the core@shell bulk@nanowire 
Si particles and the sample with SiO2 coating thickness of ~7 nm demonstrates significantly reduced 
electrode thickness after cycling and best electrochemical performances among the various coating 
thickness. 
 
 
 
2. Experimental section  
 
Core@shell bulk@nanowire silicon synthesis:  Core@shell bulk@nanowire silicon particles 
were prepared from metal assistant-chemical etching method described in detail elsewhere.[31] Bulk 
silicon powder (high purity chemicals, 99.9%) was immersed in a 10 mM silver nitrate (AgNO3) 
solution, 5% hydrofluoric acid (HF) and 2% hydrogen peroxide at 50°C for 3h. After 3 hours, the 
powder was immediately filtered from the solution and rinsed with large amounts of water and EtOH 
to remove excess silver and SiF6-. Then the powder was treated with nitric acid solution for 120 min to 
remove residual silver on the silicon surface and dried at 150°C for 3h. To introduce SiO2 layer on the 
dried Si particles, they were annealed between 750 and 850 ℃ under O2 stream for 30 min to 3h. 
Annealing at 750℃ for 30 min led to the formation of ~7 nm SiO2 coating layer, while, 850oC for 1h 
and 3h led to the formation of ~10 nm and ~15 nm SiO2 coating thickness, respectively. All the annealed 
samples were coated with amorphous carbon via thermal decomposition of acetylene gas at 900°C for 
15 min in the tube furnace. 
Analysis instrument: The morphology of the samples was observed using scanning electron 
microscopy (SEM, JSM 6400, JEOL) and the coating thickness on the samples was determined by high 
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resolution transition electron microscopy (HR-TEM, JEOL 2010F). Carbon content of the samples was 
estimated to 10 wt% by using elemental analysis and carbon coating thickness was ~10 nm. X-ray 
photoelectron spectroscopy (XPS) analyses were performed with a Thermo Scientific K-Alpha 
spectrometer using a monochromatic Al Kα radiation of energy beam (1486.6eV). Raman spectra were 
recorded using 532.6 nm laser from WITec Alpha300R.   
Electrochemical Test: The characterization of electrochemical properties was evaluated using 
coin-type half cells (2016R) and pouch type lithium ion cells at 24oC. The electrode for the half-cell 
test were consisted of Si powder, natural graphite and poly(acrylic acid)/ sodium carboxymethyl 
cellulose binder in a weight ratio of 7:1:2. The electrolyte was LiPF6 (1.3 M) with ethylene carbonate/ 
ethyl methyl carbonate (PANAX, 3:7 v/v) and fluoroethylene carbonate (10%). The half cells were 
tested galvanostatically between 0.01 and 1.2V (vs Li/Li+) at 0.2C rate. (1C = 2.1 mA) The pouch-type 
lithium ion cells were assembled using Si samples with coating thickness of ~2 and ~7 nm and LiCoO2 
as the anode and cathode, respectively and same electrolyte used as in the half cell test. Positive 
electrodes were prepared on Al substrate, of slurry composed of 90% active material, 5% PVdF and 5% 
super-P. The lithium ion cells were precycled between 4.2 and 2.5V at 0.05C rate (Figure 14), followed 
by cycled at 0.2C rate under 24oC (1C = 3.2 mA).  
 
 
 
3. Result and discussion  
 
Figure 1 exhibits the SEM images of the etched Si bulk particles before carbon coating, 
consisting of bulk@nanowire core@shell structure in which the shell thickness of ~1.4 μm wire 
diameters are ranged between 134 nm and 181 nm. Particle sizes were varied from 4 to 8 μm, but its 
shell thickness was found to be uniform. Figure 2 displays the TEM images of the core@shell samples 
after thermal annealing at 750 - 850°C for 30 min to 3 h under O2 stream before carbon coating. 
Unannealed etched sample shows the native amorphous coating layer with a thickness of ~2 nm, but 
the samples after thermal oxidation show the amorphous coating layers of ~7 nm, ~10 nm and ~15 nm. 
2pSi XPS spectra of the sample with ~7 nm thick exhibits increased peak intensity at 103eV, indicative 
of SiO2 formation.
[41] On the other hand, the sample with ~2 nm thick shows a broad peak at 102eV, 
which is indicative of formation of SiOx rather than SiO2.
[30] This result shows that SiOx native layer 
turned into SiO2 layer during annealing. Digitalized Fast Fourier transformed (FFT) images of areas 1, 
3, 5 and 7 confirm the presence of polycrystalline Si phase.  
To find the critical SiO2 coating thickness, Si samples with a different coating thickness of 
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SiOx free, ~2 nm, ~7 nm, ~10 nm, and ~15 nm were cycled between 0.01V and 1.2V at 0.2C rate in 
lithium half cell (2016R-type) for 50 cycles under 24oC. To minimize the side reactions with the 
electrolytes, all the samples with different SiOx or SiO2 thick were further coated with carbon according 
to a previous method,[30] and carbon amount and coating thickness were estimated to 10 wt% and ~10 
nm, respectively (for TEM images of carbon-coated sample with ~7 nm SiO2 thick, see Figure 3). A 
loading level of the anode samples was ~2 mgcm-2 (active material only) and the electrode thickness of 
the sample with ~2 nm coating thick and with ~7 and ~15 nm coating thick were 29 μm and 24 μm, 
respectively, except for Cu foil.  
Figure 4(a) and (b) shows the voltage profiles of the first charge (lithiation) and discharge 
(delithiation) cycle at 0.1C rate, and capacities, Coulombic efficiency during the first cycle, and capacity 
retention after 50 cycles in the samples with a different coating thickness summarizes in Table 1. The 
result shows that the capacity and Coulombic efficiency decrease with increasing coating thickness 
during the first cycle. The sample without SiOx -free showed charge and discharge capacities of 2895 
mAhg-1, 2575 mAhg-1 respectively, corresponding to 88% Coulombic efficiency. Its efficiency is 
slightly lower than samples with ~7 and ~10 nm thick, indicating oxide-free Si anode suffered from 
enhanced side reactions with the electrolyte.[39] Considering the first discharge capacity and capacity 
retention after 50 cycles, the sample with ~7 nm thick demonstrates the best performance, showing 2117 
mAhg-1 and 84%, respectively. After initial cycles, it showed the Coulombic efficiency of 99.7%, while 
the sample with ~2 nm SiO2 thick exhibited the Coulombic efficiency of 98% (Figure 5). This result 
shows the native SiOx coating layer is not effective to reduce the volume change of the anode sample, 
thus keeping generation new solid electrolyte interface (SEI) layer. On the other hand, it has been 
reported that Si NWs with ~7 nm coating thick showed the first discharge capacity of ~2000 mAhg-1 
with the Coulombic efficiency of ~30%.[39] In the cases of Si@SiO2@carbon nanocomposites with ~ 
10 nm coating thick exhibited the first charge capacity of < 1200 mAhg-1 with the Coulombic efficiency 
of < 50%.[22, 26] Due to the nature of these samples consisted of solely nanoparticles or nanowires, larger 
formation of SEI layer is inevitable to form via electrolyte decomposition. We believe this effect led to 
lower Coulombic efficiency during the first cycle than our sample. 
In order to study the lithium lithiation mechanism into SiO2 coating layer, Raman spectral 
analysis of the core@shell samples with ~2 nm, ~7 nm and ~15 nm coating thick after the first lithiation 
to 0.01V was carried out (Figure 6), and assignment of bands are summarized in Table 2. Raman 
spectrum of the sample with ~2 nm thick shows only Si-Si stretching at 510 cm-1. Samples with ~ 7 and 
~10 nm thick show three characteristic bands at 583 cm-1, 937 cm-1 and 1085 cm-1 assigned to Si-O-Si 
bending, Si-O stretching vibration in Q2 and Q3, respectively. These bands are indication of formation 
of Li2Si2O5.
[42] This result indicates that SiO2 was converted to Li2Si2O5 according to a following 
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equation.[43]  
5SiO2 + 4Li
+ + 4e ↔ 2Li2Si2O5 + Si     (1) 
Si + xLi+ + xe ↔ LixSi          (2) 
 
Li2Si2O5 phase has been reported to be also effective to reduce the volume expansion of the Si.
 [39] The 
effect of the SiO2 coating layers can also explained by electrochemical impedance spectroscopy (EIS) 
of samples before and after 50 cycles with different coating thickness (Figure 7). In contrast to the 
sample with ~2 nm thick that showed significantly increased size of the semicircle, samples with ~7 
and ~10 nm thick exhibited much reduced sizes of the semicircles after cycle. This result indicates that 
SiO2 coating thickness of ~7 and ~10 nm are very effective to reduce the charge transfer resistances. 
FFT image of the sample with ~15 nm thick after 50 cycles supports the presence of the partially 
crystalline Li2Si2O5 phase on the particle surface (Figure 8). It can be concluded that the Li2Si2O5 phase 
surrounded by carbon layers are effectively participated in charge/discharge process. Note that Li2Si2O5 
phase is ionically poor conductors and therefore increasing its coating thickness inversely decreased the 
rate capability. Accordingly, its coating thickness needs to be minimized. Figure 4(c) shows the rate 
capability of the sample with ~7 nm and ~15 nm coating thick. The sample with ~15nm coating thick 
shows fast capacity decrease from 846 mAhg-1 at 0.1C to 355 mAhg-1 at 10C, corresponding to 41% 
capacity retention. However, in case of the sample with ~7 nm thick, charge capacity decreased from 
2117 mAhg-1 to 1343 mAhg-1, showing the capacity retention of 63%. Next important issue to be 
addressed is the effect of the coating layer on the volume expansion of the samples, and we examined 
the samples with ~2, ~7, and ~15 nm coating thick after lithiation to 0.01V (Figure 9). Wire diameter 
of shell in the sample with ~ 2 nm coating thick is ranged between 134 and 181 nm but substantially 
expanded to 580 – 600 nm after lithiation. However, pristine wire diameters slightly increase to ~ 175 
- 187 nm and < 161 nm in the samples with ~7 nm and ~15 nm SiO2 thick, respectively. Considering 
only the change of the wire diameter, both surface coating layers with ~7 and ~15 nm effectively 
suppress the degree of volume expansion. One interesting point was that the unetched bulk core part of 
the sample did not pulverize and instead turned into porous nature (Figure 10). Hence, it is plausible to 
presume the core part can play a major role in volume expansion of the samples upon further cycles.   
In addition, observation of the electrode thickness change of the samples in the composite 
electrode after certain cycles is also important because it gives us information on the cell design factor 
for the accommodation of the volume expansion. In contrast to the sample with ~2 nm coating thick 
showing the increased electrode thickness by 3.7 times after 50 cycles (after fully delithiation), the 
samples with ~7 and ~15 nm thick show increased electrode thickness by a factor of 2.2 and 2.1 after 
50 cycles, respectively (Figure 11). This means that electrode density of the sample with ~2 nm thick 
decreases from 0.69 gcc-1 to 0.19 gcc-1, while the sample with ~7 nm and ~15 nm coating thick decreases 
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from 0.83 gcc-1 and 0.38 gcc-1, respectively.  
In general, the etched sample possessed large number of macropores and small amount of 
nanopores in bulk core part.[30,31] This bulk part consists of Si with various orientations (namely, Si 
planes) and therefore degree of volume expansion is believed to be varied depending on pore sizes and 
their distribution. Accordingly, bulk core was turned into a randomly distributed porous morphology 
after the first lithium lithiation (Figure 10). On the other hand, we found that observation of cross-
sectioned the core part after extended cycles is practically impossible due to difficulty in sample 
preparation method. However, the top view SEM images of the sample with ~7 nm thick after 50 cycles 
display that nanowire morphology are preserved, but some large voids between them are formed 
(Figure 12), possibly indicating that the core bulk parts were turned into bulky porous ones. 
Accordingly, the increased volume fraction of the samples during the cycle is believed to lead to 
formation of such voids. In spite of this fact, the coating layer and porous core suppress the volume 
expansion of the sample effectively. SiNWs prepared by CVD deposition usually have favorable 
directions to growth [15(b)] in opposite to those prepared by wet-etching method[31] that have random 
growth directions. Although Si NWs were expanded along the radial direction for 300%, unique 
core@shell structure of our sample could suppress the volume expansion effectively. In the composite 
electrode the binder also plays a role in decreasing the volume expansion of the Si[35] and therefore 
CMC-PAA binder are believed to be partially contributed to the reduction of the volume change of the 
electrodes.  
To date, only a couple of Si-based anodes were tested in lithium-ion cell, and nanosized C-Si 
NWs[24] and Si-NTs[19] anodes in lithium-ion cells demonstrated cycle retention of about 80% after 30 
cycles and 92% after 200 cycles, respectively. Nevertheless, the cycling performance of the micron-
sized bulk Si particles has not been reported in the full cell. Figure 13 demonstrated the voltage profiles 
of full cell consisting of LiCoO2 cathode/Si anode with ~2 nm and ~7 nm coating thick, respectively. 
The cells were charge to 4.2V and discharge to 2.5V at 0.2C rate. The cell with anode containing ~7 nm 
coating thick shows the capacity retention of 67%, while that of ~2 nm shows 48% after 130 cycles. 
This result is quite consistent with above half-cell results.  
 
4. Conclusion  
 
In conclusion, we synthesized core@shell bulk@nanowire Si particles with various SiO2 
coating layers via thermal oxidation. Based upon electrochemical tests, the sample with ~7 nm SiO2 
thick demonstrated significantly improved both electrochemical performances with significantly 
decreased volume expansion. 
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Figure 1. SEM images of (a) etched Si and (b) cross-sectional image of (a) obtained from focused ion 
beam (FIB) process before carbon coating.  
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Figure 2. TEM images of core@shell bulk@ nanowire Si particle with the coating thickness of (a) ~2 
and (b, c and d) ~7 nm, ~10 nm and ~15 nm, respectively. (e) 2p Si XPS spectra of the samples with ~ 
2nm and ~ 7nm thick. (a-1, b-1, c-1, and d-1) digitalized fast Fourier transformed (FFT) images of each 
areas along the zone axes [110] or [112]. 
 
 
 
 
47 
 
 
 
 
 
 
 
 
 
 
  
Figure 3. TEM images of (a) carbon coated core@shell Si with ~7nm thick SiO2, (b) magnified images 
of (a) showing the ~10nm thick carbon layer on the surface.   
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Figure 4. (a) Voltage profiles of samples with SiOx-free, ~2 nm, ~7 nm, ~10 nm, and~15 nm coating 
thick during the first cycle at 0.1C rate under 24oC, (b) plot of charge capacity vs. cycle number of (a) 
(after one cycle at 0.1C rate, the rest were cycled at 0.2 C rate), (c) rate capabilities of the samples with 
~7 nm and ~15 nm coating thick from 0.1C to 10C rates, and (d) voltages profiles of the sample with 
~7 nm coating thick of (c) at different C rates from 0.1C to 10 C rates. (1C = 2.1 mA) 
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Table 1.  Discharge/charge capacities, Columbic efficiencies of 1st cycle and capacity retention after 
50 cycles in the core@shell bulk@nanowire samples with different coating thickness  
 
SiO2 
thickness 
Discharge capacity  
(mAhg-1) 
Charge capacity 
(mAhg-1) 
Coulombic efficiency 
(%) 
Cycle retention after 
50th cycle (%) 
SiOx free 2895 2575 88 50 
~2 nm 3371 3145 93 62 
~7 nm 2279 2117 92 83 
~10 nm 1847 1694 91 82 
~15 nm 774 645 83 95 
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Figure 5. Plots of Coulombic efficiency of core@shell bulk@nanowire Si anodes with ~2nm, ~7nm, 
~10nm and ~15nm coating thick, respectively, vs. cycle number.  
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Figure 6. Raman spectra of core@shell bulk@nanowire Si particles with ~2nm, ~ 7nm, and ~ 15nm 
coating thick. Dimensional ratio of G and D bands was 1.6, indicting the formation of amorphous carbon 
layer 
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Table 2. Raman spectral bands assignment of Figure 6. 
 
Raman Band(cm-1) 
Assignment of the Raman Bands  
(a) ~7nm SiO2 (b) ~15nm SiO2 
504 511 Q4 + Si-Si stretching 
583 583 Si-O-Si bending 
818 819  
937 937 Si-O- stretching in Q2 
1077 1085 Si-O- stretching in Q3 
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Figure 7. Electrochemical impedance spectra of the samples with ~ 2, ~ 7, and ~ 15nm thick in coin-
type lithium half cells before and after 50 cycles at 24°C.  
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Figure 8. TEM image of the sample with ~15nm SiO2 thick at 0.5V charge state after cycling. An inset 
is digitalized fast Fourier transformed (FFT) image of the white rectangular part.  
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Figure 9. SEM images of (a) a pristine sample, and (b, c, and d) samples with ~ 2, ~ 7, and ~ 15 nm 
SiO2 thick after first lithiation to 0.01V. SEI layers of the samples (b, c and d) were removed by rinsing 
in acetonitrile solvent in a dry room.   
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Figure 10. Cross sectioned SEM image of the sample with ~ 2nm SiOx thick after 1st lithiation.  
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Figure 11. SEM images of cross-sectioned electrodes of (a, c, and e) pristine electrodes with ~2nm, 
~7nm and ~15nm SiO2 thick, respectively, and (b, d, and f) after 50 cycles, respectively.   
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Figure 12. SEM images of core@shell bulk@nanowire Si with ~7nm coating thick after 50th cycles.  
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Figure 13. Electrochemical performance of lithium ion cells made of LiCoO2/core@shell 
bulk@nanowire Si with ~2 nm and ~7 nm coating thick. (a) plot of discharge capacity and Coulombic 
efficiency of cells vs. cycle number between 4.2V and 2.5V at 0.2C rate (the specific capacity was 
calculated from the weight of LiCoO2), (b) voltage profiles after 1
st, 10th, 30th, 50th, 80th, 100th and 130th 
cycles.  
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Figure 14. 1st voltage profiles of LCO/core@shell bulk@nanowire Si with ~ 2 nm and ~ 7nm coating 
thick between 4.2 and 2.5V at 0.05C rate.  
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Chapter II 
 
Practical Implantation of Si nanoparticles interconnected α-FeSi2 Anode Materials in 
Lithium ion Batteries  
 
 
1. Introduction 
 
Lithium ion batteries have been considered as the sole energy sources for electric vehicles, 
portable electronics and the storage the renewable energy for the smart grid systems. To meet these 
demands, lithium ion batteries with high rate capability, high energy density and long cycling life have 
been developing with minimizing any safety issues. Although reversible capacity of the cathode 
material is limited to < 250 mAhg-1, anode material is still have some openings for increasing the 
capacity via using Si.[1,2] However, the huge volume changes of silicon during repetitive 
lithiation/delithiation is a critical hurdle to be implanted in the full cell, and one of the alternative ways 
to alleviate this problem is introducing inactive matrix to active Si particle.[3]  
Adopting inactive matrix to Si-based material has been widely chosen with various materials 
such as amorphous carbon,[4-6] metal,[7-10] metal oxide[11] with the expectation of 1) providing 
mechanical buffer matrix for Si expansion during lithiation/delithiation leads to preserve electrical 
contact between active materials, 2) increasing electrode density for high power and energy density of 
anodic materials, 3) improving electrical conductivity. Among the various compositions of metal 
silicide phases, such as Fe-Si[12], Ni-Si[13,14], V-Si, Ti-Si[15], Ti-Fe-Si[16], Ti-Ni-Si[17], Fe-Cr-Si[18], etc., 
much attention has been paid to the tetragonal α-FeSi2 /Si composite materials for the recent decades 
due to its high electrical conductivity, mechanical hardness and nature abundance of iron and silicon[11, 
19-22]. Though the reversible capacity of α-FeSi2 itself is lower than 100mAhg
-1, high conductive α-FeSi2 
can effectively provide lithium migration pathway as an inactive matrix[23]. Hence, the existence of 
excess Si in α-FeSi2 matrix can show high reversible Li-storage capacity of ~900mAhg
-1 with cycling 
stability due to protection by α-FeSi2 matrix. Recently, Chen et. al. reported that the core-shelled α-
FeSi2/Si-C nanocomposite synthesized via high-power ball milling of stoichiometric ratio of Si, Fe 
powders and graphite. The capacity retention of FeSi2/Si after carbon coating was improved to 93 % 
after 200th cycle in lithium half cells, whereas that of without carbon only showed 45% after 90 cycles. 
This indicates that the effect of carbon species on the Si-based materials is a crucial factor improving 
the capacity retention.[24] Likely, graphene coating on the FeSi2@Si also showed results.
[20,25-28] B. Zhu  
et al. reported ferrosilicon nanoparticles (FeSi2/Si) from low grade source of ferrosilicon by high energy 
mechanical milling, showing stable cycling with the reversible capacity above 1200mAhg-1 [22].  
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Despite remarkable Li accommodation properties of the FeSi2/Si materials, previous studies 
were used over 10wt% aqueous- based binder, such as PAA, CMC. However, the PAA based binder 
caused brittle electrodes that resulted in macro-size cracks during drying process and consequently are 
not feasible for practical anode manufacturing process that required high electrode density of > 1.5g∙cc-
1.[18] This is why styrene butadiene rubber (SBR) binder has been dominantly used in graphite-based 
anodes. Moreover, the performance of half cells can be governed by excess lithium source, a full cell 
test is more practicable and reliable to estimate the electrode performance. Considering fact that 
achievable reversible capacity of the capacity is ~250 mAhg-1, the reversible anode capacity of 400-500 
mAhg-1 is enough to balance the cell.[29,30, 31]    
In this study, we prepared easily scalable micron-sized α-FeSi2/Si (FS) and α-FeSi2/Si/carbon 
(FSC) particles using bulk Si and ferrocene by high energy milling and subsequent C2H2 thermal 
decomposition. Carbon from decomposition of the ferrocene and C2H2 gas were located not only along 
the grain boundaries of the aggregated FS particle but also on the particle surface, providing the 
conducting network between the grains and particles. Further one of the striking difference of our 
sample to previous ones was succeeded to prepare pure α-FeSi2 phase without Fe metal segregation, 
which leads to a detrimental effect on battery performance. Finally, we investigated the interfacial and 
structural variation of the anodes in assembled full cells with reversible capacity of 400 mAhg-1 over 
200 cycles.  
 
 
2. Experimental section  
 
Synthesis of α-FeSi2/Si (FS) and α -FeSi2/Si/C (FSC): A 5:1 weigh ratio of silicon micron powder 
(99.9%, High Purity Chemical, Japan) and ferrocene (98%, Fe(C5H5)2, Sigma-Aldrich) was physically 
mixed in a glove box (<1 ppm H2O; <1 ppm O2). As mixed Si-ferrocene powder and stainless steel 
milling ball with a mass ratio of 1:30 were put in a stainless steel container together, and ball-milled for 
20h at 550 rpm, obtained α-FeSi2/Si (FS). To synthesize α -FeSi2/Si/Carbon (FSC), as-prepared FS 
powder treated with acetylene gas via thermal decomposition at 700 ºC for 10 min in the tube furnace.  
   
Electrochemical Test:  
1. Half cell 
The characterization of electrochemical properties was evaluated using coin-type half and full 
cells (2032R) at room temperature. The electrodes for the half-cell test consisted of FS and 
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FSC, respectively, super-P, styrene butadiene rubber (SBR)/ sodium carboxymethyl cellulose 
(CMC) binder in a weight ratio of 8:1:1. The loading level and electrode density of FS and FSC 
electrodes were set at 1.7 mg cm-2 and 0.5 g cm-3, respectively. 
 
2. Full cell 
Blending electrodes were fabricated FS (FSC): graphite: SBR/CMC binder in a weight ratio of 
9.7: 87.3: 3. The electrolyte was LiPF6 (1.3M) with ethylene carbonate/ ethyl methyl carbonate/ 
diethyl carbonate (3:5:2 v/v), fluoroethylene carbonate (10 wt %) and vinyl carbonate (0.5 
wt %). The half cells were tested galvanostatically between 0.01 and 1.5 V (vs. Li/Li+) at 0.2C 
rate (1C= 4 mA/g for FS and FSC alone, 1C = 3 mA g-1 for FS/graphite, FSC/graphite, 
respectively). LiCoO2 was employed as the positive electrode, consisting of 94: 3: 3 wt% of 
LCO, super P and PVDF. The lithium ion cell with N/P ration of 1.05 were pre-cycled between 
4.4-3V at 0.2C/0.5C charge/discharge rate for 3 times, and followed by cycling at 0.7C/0.5C 
charge/discharge rates at room temperature.   
 
Analysis instrument: The morphology of the samples were observed using scanning electron 
microscopy (SEM) (Verios 460, FEI) and the element confirmation was conducted by energy dispersed 
spectroscopy (EDS) (Bruker X Flash 6130). XRD patterns were obtained from Rigaku D/Max 200 with 
Cu Kαradiation at 10kW. Cycled electrodes were sensitive to ambient moisture so the samples were 
sealed with magic tape (3M) in the glove box. The morphology and SEI thickness were taken using 
high resolution-transmission electron microscopy (HR-TEM) (JEOL 2100F) operating at 200 kV. To 
prepare the TEM specimen, selected particles were cross-sectioned using a focused ion beam (FIB, 
Quanta 3D FEG, FEI). X-ray photoelectron spectroscopy (XPS) analyses were performed with a 
Thermo Scientific K-Alpha spectrometer using monochromatic Al Ka radiation of energy beam (1486.6 
eV). Binding energies of all elements were calibrated with respect to the C 1s peak at 284.4 eV.  
 
 
3. Result and Discussion 
  
As prepared α-FeSi2/Si (FS) particles contained 2wt% of amorphous carbon. α-FeSi2/Si/carbon 
(FSC) was produced through a one-step CVD growth method from FS particles directly, and final 
product contains 8wt% carbon contents (Figure 1a). Figure 1b exhibits the SEM image of FS particle 
consisted of aggregated small grains. TEM-EDS performed on the cross sectioned FS particle using 
focused ion beam (FIB), confirming the uniform distribution of Fe and Si elements in the particle. 
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(Figure 2a). The phase information of the α-FeSi2 matrix (region 1) and embedded Si (region 2) were 
identified by high-resolution TEM (HR-TEM) image and the fast Fourier transform (FFT) selected area 
diffraction pattern in figure 1b.  
After carbon coating at 700 oC for 10 min under C2H2 stream, amorphous carbon layer with ~ 
2 nm thick was observed on the FS (Figure 3b). Compositional analysis of the FS acquired by energy-
dispersive X-ray spectroscopy (EDS) in TEM exhibited that weight percentages of Si, and Fe in FS 
sample were 79 and 16%, respectively. On the other hands, the weight percentages of Si and Fe in the 
FSC sample were respectively 71 and 17 wt% due to a carbon coating (8wt%) (Figure 2b).Carbon 
layers of the FSC sample were observed in the core part also due to C2H2 gas penetration into the voids 
of the aggregated FS particle consisted of small grains.  However, in case of bench marking α-FeSi2 
sample that has segregated Fe particle, it exhibited the CNT formation after same carbon coating 
procedure as above (Figure 4). As widely known, Fe metal serves as a catalytic site for growing CNT.[42] 
The CNT on BM-FS (FSC) may trigger off the side reactions with accelerated electrolyte consumption, 
due to its high surface area. All of the diffraction peaks in the XRD patterns of FS and FSC could be 
indexed as tetragonal α-FeSi2 and Si (PDF No. 01-073-1843 and 98-005-3783). In consequence, it can 
be concluded that Si nanoparticles are interconnected in the α-FeSi2 matrix (Figure 3e). 
Figure 5a shows the voltage profiles of FS and FSC in half cells at a 0.05C rate between 1.5 
and 0.01 V for the first cycle at 24 oC and the areal capacity of both electrodes was 2 mAhcm-2 with 
electrode density of 1.6 gcc-1. The reversible capacities of the FS and FSC samples are 1030 and 1550 
mAhg-1 with 86 and 88% of CEs, respectively. Since the only 3wt% SBR-CMC binder was used for 
testing in contrast to the previous works that used PAA or PAA-CMC binder greater than 10wt%, severe 
capacity fade was observed (Figure 6a). To compare with the samples, we targeted the testing capacity 
of 430 mAhg-1 by mixing of graphite with a reversible capacity of 340 mAhg-1 (Figure 6b). We prepared 
the electrode with 400 mAhg-1 capacity by physical blending of natural graphite and FS or FSC, and 
the electrode was consisted of 97:3 ratio (wt%) of the active material and SBR/CMC binder. Figure 5b 
exhibits the voltage profiles of each samples during the first cycle in the Li half cells, and for the direct 
comparison of materials, areal capacity and electrode density of anodes were set at 2.1 mAhcm-2 and 
1.7gcc-1, respectively.  
From the cell information in Fig. 3b, the coin-type full cells (2032R) with LiCoO2 cathodes 
were assembled and were cycled at 0.2C and 0.5C rates of discharge and charge, respectively, between 
4.4-2.5 V and their voltage profiles for the first cycle are shown in Figure 5c (as a control experiment, 
the cell with a sole graphite anode was also test). The initial CEs of graphite, FS/graphite and 
FSC/graphite are 88, 87 and 89% respectively. Cycle performances of each sample were evaluated at 
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0.7C/0.5C rates of charge/discharge for 200 cycles between 4.4 and 3 V in the full cells at 24 oC (Figure 
5d). In case of graphite anode, capacity retention was 76% after 200 cycles. Interestingly, the 
FSC/graphite electrode exhibited the quite comparable capacity retention, showing 83%. On the other 
hand, FS/graphite electrode exhibited 58% capacity retention. We believe that strikingly improved 
cycling stability of the FSC relative to FS is related to carbon layers both between the α-FeSi2 grains 
and particle surface. However, benchmarking α-FeSi2/Si (BM-FS) and CNT-grown benchmarking 
sample (BM-FS/CNT) for the controlled experiment exhibited the capacity retentions of 74% and 67% 
respectively, after 200 cycles (Figure 7). Due to segregated Fe particle presence, which acts as a catalyst 
for the CNT growth in BM-FS particle, it is impossible to get carbon coating layer. This result suggested 
that well distributed carbon provides conductive network in the particles led to higher initial CE and 
cyclability, while the formation of CNT on the surface of BM-FS/CNT severely did undergo accelerated 
additional electrolyte decomposition, resulting in larger amount of Li+ consumption for the SEI 
formation during the initial and followed cycles.[42]  
Previous Si-Fe alloy studies focused only synthesis method and the electrochemical 
performance in half-cells, and there were no distinct investigation related to interfacial deterioration of 
Si-Fe alloy anode induced by electrolyte decomposition in a full cell. To elucidate capacity retention 
difference of FS and FSC anode in full cells, we examined the composition and thickness changes of 
solid electrolyte interphase (SEI) layer, and local structural changes of the anodes with cycle numbers. 
It has been reported that the formation and composition of SEI layer are greatly affected by the surface 
chemistry of active materials [32-34] Since Li metal used as cathode materials in half-cell provides 
excessive lithium ion source, it is imprecise to define actual composition and thickness of SEI layer on 
the anode even if the electrode showed good cycling stability. However, in the full cell system, limited 
lithium ion source is provided by the cathode, it is more reasonable to observe the surface chemistry 
changes of the anode and cell degradation. To investigate the surface chemistry of FS/graphite and 
FSC/graphite composite anode in the full cells, we performed ex-situ X-ray photoelectron spectroscopy 
(XPS) analysis of anodes after 50 and 200 cycles (Figure 8). The C 1s XPS spectra of FS/graphite and 
FSC/graphite sample showed; four types of carbon-hydrogen bonding (-CH-: 284.8 eV), carbon–
oxygen single bonding (-C-O-C-: 286.6 eV), carbon of carbonyl (-O-C-O-: 288.7 eV) and carbonate (-
O-CO2-; 290.2 eV) 
[37]. Ether moiety (C-O-C) can be produced by ring opening polymerization of 
ethylene carbonate (EC) initiated and catalyzed by strong Lewis acid PF5 formed by the transformation 
of LiPF6 (LiPF6↔ LiF + PF5).  Significantly increased relative fraction of C-O-C peak was observed 
for the FS/graphite anode after 200 cycles compared to the FSC/graphite sample. It is thought that the 
SEi layer formed on the FS/graphite anode by FEC used as a reducible additive is destroyed and 
undesirable decomposition of carbonate solvents such as EC occurs, consequently attributed to 
heterogeneously thickened SEI. As shown in the F 1s spectra, FS/graphite and FSC/graphite anode 
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exhibited two strong peaks, corresponding to LiF and LixPFy/LixPOyFz at 684.6 eV and 686.5 eV, 
respectively. The LiF formation is most likely due to thedefluorination of FEC used as a reducible 
additive. [35,36]. The LiF peak intensity for the SEI layer on the FS/graphite anode after 200 cycles was 
drastically increased unlike the FSC/graphite anode. Moreover, for the FSC/graphite anode, the peak 
corresponding to LixPFy and LixPOyFz species became more intense with increasing cycle number. 
LixPFy and LixPOyFz are generated from the hydrolysis of LiPF6 salt by amount of moisture: i.e., 
LiPF6↔ LiF + PF5, PF5 +2xLi
+ + 2xe- → LixPF5-x (sol) + xLiF (sol) and PF5 + H2O →PF3O + 2HF, PF3O 
+ 2xLi+ + 2xe- → LixPF3-xO (sol) + xLiF (sol).
[38,39] From the comparison of C 1s, F 1s, and P 2p spectra, 
it is obvious that the composition of SEI layer formed on the FS/graphite anode severely changes under 
repeated cycling. On the contrary, the FSC/graphite anode exhibited no significant changes in the 
composition of SEI layers. This result suggests that the FSC/graphite anode is mechanically stable 
enough to maintain the SEI layer formed in initial cycling.  
To clarify  the thickness of SEI layers formed on the surface of particles, firstly we prepared 
cross-sectioned TEM specimen sliced by dual focused ion beam machine, and obtained EDS mapping 
of Si, Fe, F, O, C and P elements images (Figure 9a). It is clearly distinguished SEI layers dominantly 
composed of F, O, P, and C and agrees with the XPS result. Figure 9b-c showed HR-TEM and STEM 
images of FS and FSC surface after 200 cycles. The investigation of SEI layer thickness and its 
compositional has been only reported the estimation values based on the XPS depth, AFM 
analysis.[35,36,40,41]. We directly observed the thickness of SEI layer using TEM measurement, and the 
observations of the FS sample revealed a significant growth of SEI layers ~410 nm thickness after 200 
cycles, whereas those of FSC was gradually increased to ~250 nm after same cycles of FS sample. 
Considering the change of the SEI thickness and its composition, FSC is more effective to alleviate the 
degree of electrolyte decomposition on the surface and inter-particle by the carbon layer.  
In order to explore structural variations of FS/graphite and FSC/graphite samples, ex-situ XRD 
was performed at selected cycles, and as references XRD patterns of as prepared FS, FSC and graphite 
powders were also collected (Figure 10). Before cycling, XRD patterns of FS/graphite and 
FSC/graphite electrodes clearly show the presence of two dominant phases consisting of crystalline 
graphite, small intensities of α-FeSi2 and Si, respectively. Although the intensities of FS, FSC and 
graphite peaks have been significantly reduced after cycling possibly due to pulverization into nano-
sized grains, the α-FeSi2 matrix was apparently identified at 37.5º and 48.8 º as shown in XRD patterns 
after 200 cycles. Further, fracture and segregation were observed in the α-FeSi2 matrix in few regions 
of FS sample after 200 cycles, as confirmed by STEM and EDS mapping. (Figure 11a). The EDS 
mapping revealed that the decomposed products from the electrolyte, such has F, P, O and C are 
uniformly spread over the particles and Si and Fe separated in the particles. The HR-TEM images of 
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the Si-rich and Fe-rich region indicating the collapse of α-FeSi2 matrix during the charge /discharge 
process, but it is difficult to be observed in XRD pattern. Conversely, note that the behavior of FSC is 
different from FS, maintaining the structure of α-FeSi2 matrix after 200 cycles (Figure 11b). Thus, the 
homogeneity of the carbon coating is crucial to a successful active/inactive matrix design which can 
provide a robust construction with suppressing the decomposition into Fe and Si to efficiently support 
the α-FeSi2 during lithiation/delithiation. Based on these observations, Figure 11c-d shows the 
schematic illustration of the FS and FSC based on its morphological change after repeated cycling.  
 
4. Conclusion  
 
We synthesized α-FeSi2/Si (FS) micron particles via high energy ball milling and investigated 
its surface chemistry and structural changes on the electrochemical performance. Moreover, it was 
clearly demonstrated that the α-FeSi2/Si with inter carbon network (FSC) exhibited the cycle life with 
capacity retention 83% after 200 cycles at 0.7C and 0.5C, compared to FS. The robust carbon coating 
layers between the active/ inactive matrix constructed by gas-phased carbon source was responsible for 
this superior full cell performance, because uniform carbon layer could effectively suppressed the side 
reactions with electrolyte on the surface and prevented the phase separation of inactive matrix upon 
cycling. We believe that the designing active/inactive matrix structure with regular carbon layer will 
contributed to the stable cycle performance and it becomes close to the commercialization of Si-based 
materials in industry through graphite blending system.  
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Figure 1. (a) Schematic illustration of synthesis process of FS and FSC, (b) SEM image of FS (c) HR-
TEM images of FS and its FFT-diffraction patterns. 
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Figure 2. (a) Cross-sectioned TEM images of FS accompanying EDS mapping of FS; iron and silicon, 
respectively. Element point mapping of (b) FS and (c) FSC, respectively.   
 
 
 
 
 
74 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. SEM image of (a) FSC, (b) TEM images of FSC accompanying (c) EDS mapping of FSC; 
iron (Fe), silicon (Si) and Carbon (C). (d) XRD patterns of FS and FSC, respectively. 
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Figure 4. (a) SEM images of pristine BM-FS and after thermal C2H2 treatment. (b)  HR-TEM image 
and EDS mapping of BM-FS. (c) XRD patterns of BM-FS and as-prepared FS. Commercialized α-
FeSi2/Si (BM-FS) was purchased from the Sigma-Aldrich 
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Figure 5. Voltage profiles of (a) FS and FSC during the 1st cycle at 0.2C rate in lithium half cells, (b) 
graphite, FS/graphite, FSC/graphite, BM-FS/graphite and BM-FS/CNT/graphite at 1st cycle in the 
lithium half cells, (c) voltage profiles at 0.2C/0.5C rate during the formation cycle at 24oC and (d) cycle 
performance of lithium ion cells made of LiCoO2 cathode and graphite, FS/graphite, FSC/graphite, BM-
FS/graphite, BM-FS/CNT/graphite anodes between 4.4-3V at charge/discharge rates of 0.7C/0.5C. 
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Figure 6. Half cell cycle performances of (a) FS and FSC at rate of 0.2C charge/discharge. (b) graphite, 
FS/graphite, FSC/graphite, BM-FS/graphite and BM-FS/CNT/graphite of 400 mAh/g capacity target, 
respectively.  
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Figure 7. Voltage profiles of lithium ion cells made of LiCoO2// (a) graphite, (b) FS/graphite, (c) 
FSC/graphite, (d) BM-FS/graphite, (e) BM-FSC/CNT/graphite after 1, 20, 50, 100, 150 and 200 cycles 
between 4.4 and 3V at 0.5C/0.7C charge/discharge rate respectively.  
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Figure 8. XPS C1, F1s and P 2p spectrum of (a)FS/graphite, (b) FSC/graphite electrodes after 50, 200 
cycles, respectively.  
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Figure 9. (a) Cross sectioned EDS mapping spectrums of Si, Fe, P, F, O, and C after 200 cycles. High 
resolution TEM images of cross sectioned (b) FS, (c) FSC particles after 200 cycles.  
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Figure 10. XRD patterns of a) FS, Graphite, FS/graphite electrode before cycle, after 200 cycles (b) 
FSC/graphite electrode before cycle, after 200 cycles.  
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Figure 11. STEM images of (a) FS, (b) FSC after 200 cycles and its EDS mapping images; silicon (Si), 
oxygen (O), carbon (C), iron (Fe), phosphorus (P) and Fluorine (F). Schematic illustration of (c) FS and 
(d) FSC structure after cycling. 
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Chapter IV 
 
 
Practical investigation of silicon oxide anode material in lithium ion batteries 
 
 
 
1. Introduction  
 
 
The demand of specs for lithium ion batteries (LIBs) keeps increasing and diversifying as the 
applications of LIBs are expanded. As times goes, the customers want longer hours of battery use, 
higher powers, and lower expenses with pronounced safety. To satisfy the demand of customers, 
countless researches and developments are proceeding briskly in laboratories and industries around the 
world. Especially for the anode materials in LIBs, Si has been studied as the most attractive material 
for post anode, because of its 10 times larger theoretical capacity compared with currently commercial 
graphite (372mAh∙g-1), comparative low voltage, and abundance in earth1. However, the volume 
expansion and the SEI formation during lithiation make combined effects causing rapid or gradual 
degradation mechanisms in Si-based anode1,2. To prevent the fading in Si-based anode, diverse 
strategies have been innumerably reported and they could be generally classified by three strategies; 
nano-designed Si structure, composite with lithium inactive/active matrix, and new binder system. The 
most popular strategies of nano-designed Si structures such as hollow nanoparticles3, nanowires4, 
nanotubes2,5, and yolk-shells6 effectively provide void space for expansion of Si and alleviate the 
extension stress of Si during lithiation. Another strategy is composite with carbon7 or other metal such 
as copper8 or iron9. These composites could enhance the structural stability and electrical conductivity 
as inactive or active matrix mitigating volume expansion. The last strategy is new binder system; 
alginate10, poly(acrylic acid) (PAA)/carboxymethylcellulose (CMC)11, in-situ polymerization of 
conducting polymer12,13, self-healing polymer14, and etc. These new binder systems well suppress the 
pulverization of expanded lithium silicide via strong chemical or physical bonding. Though above 
successful strategies have been developed, there should still need plenty of effort to commercialize Si-
based anode due to process and cost problem. Moreover most of reported strategies have been tested in 
low loading level under 1 mg∙cm-2 with half-cell test i.e. it could not meet the commercial demand of 
area capacity (3.5 mAh∙cm-2) and full-cell test is essential for practical use of anode materials. As 
increasing the loading level, volume expansion and large overpotential would be more critical issues 
89 
 
than those in low loading level. Therefore previous works with low loading level would strain credulity 
to prevent fading mechanisms of Si-based anode for higher energy storage. In this regard, practical 
investigation of Si-based anode with higher electrode density and loading level to research the 
possibility of anode material is a significant line of battery research.  
 Among the diverse approaches for Si-based anode, SiOx is the one of the promising candidates 
to replace graphite in industries because of its great cycle stability and relatively simple synthetic 
routes15,16. Previously, nano Si cluster-SiOx-C composites showed initial Coulombic Efficiency (CE) of 
about 70% and stable cycling performance of 700 mAh∙g-1 until 200th cycle17. Likewise, nano-sized 
SiOx-C composite showed initial CE of 47.3% and stable cycling performance
18. As above examples, 
SiOx shows stable cycling performance while it has intrinsic problem of low initial CE. The low initial 
CE of SiOx is related to its oxygen contents. Depending on the oxygen contents in SiOx, it induce the 
higher ratio of lithium dioxide (Li2O) and lithium silicate (usually, Li4SiO4 or Li2Si2O5) formation that 
is a origin of large irreversible capacity in initial charge/discharge19. However Li2O and lithium silicate 
also have been believed as good buffer matrix to improve cycle stability of SiOx anode
20. Hence, oxygen 
content in SiOx would be trade-off between cycle stability and initial CE
21. To study the possibility 
beyond this limited trade-off of SiOx in full-cells, physical mixture with graphite is suggested in this 
research. In the blending system, graphite not only lessens the degradation caused by expansion of SiOx 
as an active buffer matrix but also enhances the electronic conductivity of active materials. Although 
the blending system decreases the gravimetric energy density of anode materials, it facilitates the higher 
areal capacity of anode materials to commercialized level of graphite (over 3.5 mAh∙cm-2). Furthermore, 
half-cell test couldn’t afford the practical use of electrode materials because lithium metal in half-cell 
test mostly causes fast degrading due to non-homogeneous lithium deposition rather than problem in 
electrode materials. Therefore, herein we fabricated the blending ratio of SiOx and graphite to target 
gravimetric capacity of 440 mAh∙g-1 (SiOx / graphite (weight/weight) = 0.0688) and areal capacity of 
3.7 mAh∙cm-2 with about ~1.6 g/cc electrode density which is approximately current commercial level 
of anode materials for the practical approach (also using only 3wt% of CMC/styrene-butadiene rubber 
(SBR) binder, this is the smallest binder ratio compared to any previous works.) and conducted full-cell 
electrochemical test with high loading while physical mixing of LiCoO2 (LCO) and Ni-rich material 
(NCM) as cathode material, known as commercial cathode material for LIBs. We also investigated its 
detailed fading mechanisms of SiOx-graphite blending anode out to 1000 cycles.  
 Our investigation scope of the fading mechanism is from electrode level to atomic level. To 
verify the effect of electrode volume change, the thickness of electrode and solid-electrolyte-interphase 
(SEI) layer was measured after cycling and chemical compositions of SEI layer were analyzed by X-
ray photoelectron spectroscopy (XPS). To observe the atomic structure of electrode materials, high 
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resolution-transmission electron microscopy (HR-TEM) were operated after long-term cycling. On the 
evidence of ex-situ analysis and electrochemical result, we created the algorithm for the possible fading 
mechanism of Si-based anode (Figure 1). We also separated the reasons of rapid and gradual degrading 
respectively and suggested the behaviors of idealized Si-based anode. We believe that our findings 
provide a foundation to clearly verify fading mechanism of Si-based anode for LIBs and envision the 
considerations of future Si-based anode for practical use. 
 
2. Experimental section 
 
Physical/Chemical characterization 
 The morphology of the samples was observed using scanning electron microscopy (SEM) 
(Verios 460, FEI). The transmission electron microscopy (TEM) specimens were prepared using a 
focused ion beam (FIB, Quanta 3D FEG, FEI). The TEM images and high resolution TEM images were 
captured using a JEOL JEM-2100 that was operated in 200 kV and a JEOL JEM-2100F that was 
operated in 200 kV respectively. Scanning transmission electron microscope (STEM)-bright field (BF) 
images and STEM-the energy dispersive X-ray spectroscopy (EDS) scan operated with Oxford Aztec 
TEM. X-ray diffraction pattern were obtained using a Rigaku D/Max-2200/PC and investigated with 
Cu-Kα radiation at 40 kV and 40 mA in step of 0.02 degree. The X-ray photoelectron spectroscopy 
(XPS) was operated using a Thermo Fisher K-alpha radiation of energy beam (1486.6 eV). Binding 
energies of all elements were calibrated with respect to the C 1s peak at 284.4 eV. To analyze the core 
part of materials, sputtering was conducted under conditions of 1 keV Ar+ for 10 min. 
Materials & Electrochemical Characterization 
1) Materials and Electrode 
 The graphite, SiOx, LiCoO2 and Ni-rich powders are purchased from commercial battery 
incorporation. The SG electrode used ratio of SiOx: graphite = 6.9: 93.1 (w/w). The MG electrode used 
ratio of SiMPs : graphite = 4: 96 (w/w) to meet the gravimetric capacity of 430 mAh∙g-1 Slurry ratio for 
SiOx sole electrode is active materials: super-P: Binder(CMC/SBR) = 8:1:1 (w/w) and that for SG and 
MG is active material: Binder(CMC/SBR) = 97: 3 (w/w). LiCoO2 and Ni-rich materials were employed 
as the positive electrode, consisting of 94: 3: 3 ratios of active materials, super P, and PVDF. For the 
direct comparison of all electrodes, the first discharge capacities of all anodes are fixed with about 
3.2~3.7 mAh/cm2. For the electrolyte and separator, 1.3M LiPF6 in ethylene carbonate (EC)/ ethyl-
methyl carbonate (EMC)/ dimethyl carbonate (DEC) = 3/5/2 (v/v) + 0.2% LiBF4, 10.0% FEC and 0.5% 
vinylene carbonate (VC) (Panax etec) and a microporous polyethylene separator (Celgard) were used. 
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2) Half-Cell Conditions 
 For the half-cells, 15 pi punched anodes are used. All the cells are fabricated with 2032 coin-
cells. All the assembly was performed in Ar-filled glove box. The formation condition of SiOx sole half-
cells is charge/discharged at 0.05C and that of SG half-cells is charge/discharge = 0.2/0.5C (1st 
formation) and 0.5/0.2C (2nd formation). The cycle condition of 0.7C charge and 0.5C discharge is same 
for all samples. Cut-off condition for CC mode is 0.01-1.5 V and cut-off condition for CV mode is 0.02 
C-rate with 0.01 V. 
3) Full-Cell Conditions  
 All the cells are fabricated with 2032 coin-cells. All the assembly was performed in Ar-filled 
glove box. For the half-cells, 15 pi punched anodes are used and 14 pi punched cathodes are used. N/P 
ratio of full-cells is strictly 1.03~1.05 N/P. The SG and MG full-cells for charge/discharge = 0.2/0.5C 
(1st formation), 0.5/0.2C (2nd formation), and 0.7C/0.5C (3rd formation). The cycle condition of 0.7C 
charge and 0.5C discharge is same for all samples. Cut-off conditions are 4.4-2.75 V for full-cells in 
CC mode and 0.02C-rate in CV mode. Impedance spectra were recorded by applying a DC voltage of 
10 mV over the frequency range of 5.5 × 105 Hz to 10−1 Hz in room temperature. 
 
 
3. Result and discussion 
 
3.1. Fading mechanisms of Si-based anode 
 The most critical advantage of Si-based anode is large theoretical capacity while the most 
critical disadvantage of that is large volume expansion during lithiation. These advantage and 
disadvantage can’t be independent. Hence successful strategies of Si-base anode should be focused on 
the problem triggered by large volume expansion. Large volume expansion produces several fading 
mechanisms of Si-based anode directly and indirectly; for example, pulverization is direct phenomenon 
which induces loss of active materials, in the other hands, the volume expansion and electrolyte 
decomposition prompt continuous SEI thickening. This physical/chemical phenomenon could be 
translated into increasing of overpotential in electrochemical cell test. The increasing of overpotential 
makes gradual capacity fading because of earlier voltage cut-off. To minimize the dead capacities 
caused by large overpotential, we used the constant voltage (CV) mode after constant current (CC) 
mode for charging process (detailed condition will be discussed in experimental part). Figure 1 
summarizes the possible fading mechanisms of Si-based anode. First of all, swelling should be 
considered to investigate the fading mechanism of Si-based anode. We defined ‘swelling is extent of 
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increased volume compared electrode volume after charge and discharge with intrinsic electrode 
volume.’ Namely, it is volume change measured at fully delithiated state of Si. Previously, only a few 
papers reported the measurement of swelling in electrode level22-24, even though the volume of Si-based 
anode was emphasized. Large volume expansion destroys adhesion between active materials and 
current collector which brings detachment of active materials and cohesion between active materials 
which brings pulverization. As volume expansion is alleviated by successful strategies, detachment of 
active materials and pulverization become abating. For ideal Si-based anode, it is the best way to totally 
eliminate the expansion. However, it is intrinsically impracticable work that maintaining the high 
capacity with zero expansion in Si-based anode. Along with this issue, continuous SEI thickening which 
is caused by volume change and electrolyte decomposition could bring second fading reasons such as 
electrolyte depletion or increasing internal resistance leading to large over potential during the cycling. 
The electrolyte depletion signifies that electrolyte affords no longer ionic conduction due to exhaustion 
of lithium salt or solvating agent in electrolyte, which causes sharp decline in capacity (figure 2). 
Continuous SEI thickening also results in large over-potential. Large over-potential makes partially 
lithiated part in anode materials and it leads gradual decline in capacity. Voltage profiles shows evidence 
of increased over-potential (figure 3). These effects more terribly appear at half-cell test rather than full 
cell test because lithium metal is more vulnerable to side reaction with electrolyte28. Therefore certain 
materials occasionally indicate better cycle performance in full cell compared to half-cell test like our 
results (this will be discussed later). Additionally, as cycle goes, repeated volume change of active 
materials grounds unexpected physical/chemical change of active materials. For instance, the lithiation 
into Si-based anode forms lithium silicide (LixSi) in electrode. During repeated formation of LixSi and 
extraction of Li+ ions, the LixSi could be aggregated with adjacent particles, unless each particle is 
enough distinct25. The aggregation breaks the intrinsic physical or chemical structure of Si-based anode, 
which phenomenon is called material collapse. In this context, idealized Si-based anode should provide 
void space for volume expansion or elastic buffer layer to mitigate volume expansion. However it is 
very harsh work to perfectly block the problem initiated by volume expansion. We investigated the 
blending system based on the possible fading mechanism of Si-based anode as shown in scheme 1; 1st 
pulverization and cracking, 2nd continuous SEI thickening, and additional fading mechanisms.  
 
3.2. Physical/Chemical characterization of SiOx  
 Size and morphologies of Si materials are important factors to achieve high electrochemical 
performance26. Hitherto numerous nanostructures of Si materials for lithium ion battery anode have 
been proposed with successful results. However synthesis of nanostructure usually needs much high 
cost and technique as well as it hardly increases loading density of electrode i.e. with Si nanostructured 
materials, it is difficult to meet commercial area capacity of 3.5 mAh∙cm-2 because of its low tap 
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density27. For those reasons, the latest developments of Si-based anode materials are focused on the 
large particle size via nanoparticle assembly or inactive buffer layers to increase loading level of 
electrode23,27. For higher areal capacity, here we adopted the micron sized SiOx particle of which the 
average diameter is 6.7 μm (Figure 4). Figure 5 reveals that the SiOx is totally amorphous phase by 
HR-TEM image with diffraction pattern and XRD pattern. This result is different from previous 
reported SiOx structure which has separated phase of Si and SiO2
23. Amorphous phase of Si-based anode 
is more desirable active material than crystalline phase of Si-based anode because Si-Si bond breaking 
has more favorable kinetics and fracture behavior in amorphous Si in the first cycle28. The chemical 
composition of SiOx is investigated with XPS spectrum that shows Si atoms in SiOx have several 
different oxidation states (figure 10). The Si 2p peaks corresponding to Si4+, Si3+, Si2+, and Si0 are 
respectively 103.6, 102.5, 101.4, and 99.4 eV29. At both surface and core of SiOx, Si
4+ represents major 
peak intensity. The second highest peak on the surface is Si0 and that in core part is Si2+. The O 1s peak 
at 532.9 eV corresponds to oxidation state in SiO2 and the peaks at 531.15 and 531.84 eV denote the 
SiOx
30. Oxidation states of O are correspond to oxidation states of Si. From surface to core, oxidation 
state of O in SiOx becomes lower state, at the same time oxidation state of Si in SiOx becomes higher 
state to balance the charge. 
 
3.3. Electrochemical characterization of SiOx  
 For the formation, SiOx sole half-cell is charged and discharged at same 0.05 C and that of 
SiOx and graphite mixture (SG) half-cell is charged at 0.2 C and discharge at 0.5 C once and recharged 
at 0.5 C and discharged at 0.2 C. The silicon microparticles (SiMPs) and graphite mixture (MG) is 
testified with same condition of SG. Cut-off condition of both half-cells is 0.01-1.5 V for CC mode and 
0.02 C for CV mode of 0.01 V. Figure 7 and S6 show formation voltage profiles of SiOx sole, SG, and 
MG half-cells and full-cell. The 1st charge capacities of SiOx sole and SG are 2353 and 524 mAh∙g
-1 
and the 1st discharge capacities of those cells are 1737 and 440 mAh∙g-1 respectively in half-cells (the 
1st Coulombic efficiency, SiOx sole: 73.8%, SG: 84.0%). However, as mentioned before, the problems 
of lithium metal causes rapid fading in the half-cell cycling test. Figure S1 shows cycle performance of 
SiOx sole and SG half-cells. Rapid decays of half-cells start at initial cycle for SiOx sole and at about 
50th cycle for SG. The gravimetric capacity of SiOx sole is higher than that of SG at initial cycles yet, 
that of SiOx sole become lower than that of SG after 35
th cycle. In the other hand, the area capacities of 
SiOx sole and SG are almost same (~3.5 mAh∙cm
-2) at initial cycle however, the difference in the two 
capacities are widening as that of SiOx sole swiftly declined until 50
th cycle. Decrease of SiOx sole half-
cell could be related to volume expansion of SiOx as well as lithium metal problem. For that reason, we 
testified SG full-cell with LCO-NCM mixture cathode. To compare the cycling performance of SG with 
MG electrode, we experimented both SG and MG full-cells with same condition. The formation cycles 
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of SG and MG full-cells were conducted three times. After 3rd formation, the full-cell is charged with 
0.7 C and discharged with 0.5 C. Cut-off voltage of CC mode is 4.4-2.75 V and Cut-off current of CV 
mode is 0.02 C-rate in the full-cell. (Detailed electrochemical condition is described in experimental 
section). As shown in figure 1c and S6c, 1st charge and discharge capacities of SG full-cell are 4.34 and 
3.45 mAh∙cm-2 (Coulombic efficiency: 79%) and 1st charge and discharge capacities of MG full-cell are 
4.49 and 3.98 mAh∙cm-2 (Coulombic efficiency: 89%). Previously, I. H. Son et al. reported the superior 
cycling performance of Si-based anode with full-cell test31. The areal capacity of the cell was 3.0 
mAh∙cm-2 and retention at 200th cycle was 72% with graphene coated silicon nanoparticles (SiNPs). In 
contrast, the areal capacity of the SG full-cell starts at 3.4 mAh∙cm-2 and retention of that at 200th cycle 
is 70% and the areal capacity of the MG full-cell starts at 3.67 mAh∙cm-2 and retention of that at 200th 
cycle is 51%. Though cycle retentions of previous report and SG full-cell at 200th cycle are similar, the 
areal capacity of SG electrode is slightly higher than previous reports. Moreover, to scrutinize the long-
term cycle life of SG electrode, we kept cycling the full-cell out to 1000 cycles and the 1000th retention 
of SG full cell is 31.3% (figure 3). To the best of our knowledge, this result is the first paper representing 
1000th cycle data of full-cells (table 1)31-38. 
 
3.4. Electrode Swelling 
 To investigate the fading mechanism of SG full-cell, firstly we measured the extent of swelling 
of the full cell depending on cycle number (Figure 8). Thickness of SG electrode before cycling was 
75 μm. After 250 and 500 cycles of full-cell cycling, thickness of SG electrode swelled to 77.4 and 90.4 
μm (Swelling after 250 cycle: 3.2%, after 500 cycles: 20.5%) while thickness of MG electrode before 
cycling was 63 μm. After 250 and 500 cycles of full-cell cycling, thickness of MG electrode swelled to 
121.8 and 124.5 μm (Swelling after 250 cycles: 93.3%, after 500 cycles: 97.6%). Though the roughness 
of electrode surface causes misleading of thickness, we measured several times with micrometer and 
observed cross-sectional SEM images to minimize the number of errors. All the samples are measured 
at fully delithiated state. Formerly, Ko et al. reported the cross-section SEM images of SiNPs electrode 
after 1st and 100th cycle; Thickness of electrode is changed from 9 μm (pristine) to 12 μm (swelling after 
1st cycle: 33.3%) and 14 μm (swelling after 100th cycle: 55.6%)22. The swelling of SG electrode is much 
lower than SiNPs electrode. Moreover the loading level of SG electrode is much higher than the SiNPs 
electrode and the SG electrode contains only 3wt% of CMC-SBR binder while the binder ratio in SiNPs 
electrode was 10wt%. If the fewer amount of binder is used, the larger amount of active materials could 
be contained in slurry ratio for practical electrode assembly. The amount of binder is very critical factor 
of electrochemical performance. Therefore it is not only important to develop new anode materials of 
high energy density but also to minimize amount of binder in slurry maintaining stable cycling 
performance. The 3wt% of binder in conventional slurry method is the lowest ratio in reported full-cell 
95 
 
papers with Si-based anode (Table 1). Comprehensively, SG electrode effectively blocks electrode 
swelling with SiOx amorphous structure and graphite blending system. Hence, electrode didn’t show 
pulverization or cracking which is caused by severe volume swelling. However cycle data of SG full-
cell presented rapid degrading in initial 20 cycles and then gradual degrading until 900th cycle. We will 
discuss the fading mechanisms regarding SEI thickening in next section.  
 
3.5. Electrolyte depletion & over-potential  
 The SEI thickening is also extremely significant phenomenon to explore the fading mechanism 
of Si-based anode. Regarding the SEI thickening, there are two kinds of fading mechanisms which are 
electrolyte depletion and large over-potential. These phenomena are more critical issues in half-cell 
test39. During initial few cycles, tremendous amount of electrolyte is consumed for SEI formation on 
anode. The SEI formation is derived by reduction of lithium salt (ex. LiPF6) or solvent (ex. ethylene 
carbonate (EC), propylene carbonate (PC)) in electrolyte40,41. The shortage of electrolyte decreases ionic 
conductivity which is also related with large over-potential. Continuous SEI formation finally makes 
depletion of electrolyte which can’t afford ionic pathway (rapid degradation) or simultaneously SEI 
thickening, increases the overall cell impedance which is the reason of gradual fading in SG full-cell. 
To explore the SEI thickening, we measured cross-sectional HR-TEM images of SEI of SG anodes of 
the full cell after 50, 100, and 250 cycles (Figure 9) and electrochemical impedance spectroscopy (EIS) 
after formation, 10, 50 cycles. The SiOx particles were selected from each electrode by SEM-the energy 
dispersive X-ray spectroscopy (EDS) detection and refined with focused ion beam (FIB) to observe 
cross section of SiOx particles with SEI layers. To preserve the SEI layer, titanium materials were coated 
on surface of SiOx particles before FIB process and samples are fixed to TEM specimens after FIB 
process. The thickness of SEI layer after 50, 100, 250 cycles was gradually increased to 80, 90, and 230 
nm. Likewise the TEM result, EIS also shows increase of internal resistance (figure 11). The shift of 
semi-circle shows increase of over-potential due to electrolyte depletion and increase of size of semi-
circle shows increase of over-potential due to SEI formation.42 Even though the volume expansion of 
Si-based electrode doesn’t attract pulverization and cracking of active materials (1st fading mechanism 
in scheme 1), it exposes new site to promote decomposition of electrolyte (2nd fading mechanism in 
scheme 1). Figure 9 shows scanning transmission electron microscope (STEM)-bright field (BF) image 
and STEM-EDS mapping of SG electrode after full-cell 250 cycles. The EDS mapping represents a 
distinct boundary between SEI layer and SiOx core and SEI mainly contains elements of carbon, 
phosphorus, and fluorine. As mentioned before, elements of SEI comes from reduction reaction lithium 
salt or solvent in electrolyte40,41. We also confirmed chemical compositions of SEI layers with ex-situ 
XPS analysis (figure 12). The main components of SEI layers were C, F, and P as pointed at EDS-
mapping. The C 1s peaks corresponds to -O-C-O2-, -C-O-C-, and CHx. As cycle goes, there are no big 
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changes in C 1s peaks42,43. The peak corresponding to CHx is the highest peak after 5, 50, 350 cycles. 
The F 1s peaks show relative amounts of LixPFy and LiF and the P 1s peaks show those of LixPFy and 
LixPOyFz
42-45. Compared to XPS spectrum after 5 cycles, LiF peaks gradually increased at those after 
50, 350 cycles. LiF is derived by decomposition of LiPF6 or fluoroethylene carbonate (FEC). 
Continuing formation of LiF and LixPOyFz causes gradual increase in SEI layer and it origins gradual 
increase in internal resistance (figure 3). LixPFy and LixPOyFz are derived by decomposition of LiPF6.. 
 
3.6. Material collapse  
 The repeated volume change could derive unexpected chemical or physical change of Si based 
electrode which is called material collapse, whether this change is not directly connected with capacity 
decay. Morphology change and particle aggregation are the most popular material collapse in Si-based 
anode. However here, we found unusual material collapse of Cu dissolution/deposition in SiOx phase 
after long-term cycles over 500 cycles (Figure 13). Up till now, there has been no paper presenting this 
phenomenon in normal cycling, the Cu dissolution usually arises in conditions of over-discharged 
cells46,47. However, in our experiment, the gradual SEI thickening is expected to induce over-discharged 
effect on Cu current collector and SG. In figure 13, the cross-sectional HR-TEM images after 50 and 
250 cycles doesn’t show Cu particle, in the other hands, those after 500 cycles clearly shows dark 
particles and its chemical composition is identified by STEM-EDS analysis. The deposited Cu particle 
in SiOx could hinder the lithium insertion into SiOx or enhance the electronic conductivity of SiOx. 
Therefore it needs an in-depth study that roles of Cu dissolution/deposition at long-term cycles are 
positive or negative effect for full-cell cycling in succeeding research project. 
 
4. Conclusions 
 In summary, we have performed various ex-situ analyses of long-term cycled LCO & NCM-
SG full cells such as XPS, SEM, HR-TEM, and STEM-EDS to study fading mechanism of SG in full 
cell. Our results suggest the algorithm of fading mechanism of Si-based electrode depending on severity 
of each phenomenon. Though the phenomena such as electrode swelling, SEI thickening, and materials 
collapse are intimately connected, we dealt these matters in sequence. Firstly, the electrode swelling 
which causes the electrode pulverization and cracking is not severe in our SG electrodes as confirmed 
by cross-section SEM images. However, cross section HR-TEM images of SEI shows gradual increase 
of SEI as cycling. This second mechanism of SEI thickening affects electrolyte depletion and increasing 
of over-potential. Thus there is gradual decrease of capacity in long-term cycling from 100th to 1000th 
cycle. This SEI thickening is main fading reason of SG full-cells. Lastly we also observed the material 
collapse in SiOx materials. Surprisingly, Cu nanoparticles were discovered in SG electrode after 500 
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cycles. The gradual increase of over-potential leads over-discharged effect on electrode and it make 
dissolution and deposition of Cu ions. To the best of our knowledge, this work is the first report 
presenting full-cell electrochemical performance of 1000 cycles and elucidating detailed fading 
mechanism. Our findings provide a foundation to verify fading mechanism of Si-based anode for LIBs.  
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Figure 1. Possible fading mechanisms of Si-based anode  
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Figure 2. a) Cycle performances of SiOx only and blending half-cells plotted with y-axis of gravimetric 
capacity and b) Cycle performances of SiOx only and blending half-cells plotted with y-axis of area 
capacity 
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Figure 3. a) Voltage profiles of SiOx sole half-cell b) Voltage profiles of SG half-cell c) Voltage profiles 
of SG full-cell d) Cycle performance of SG full-cell 
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Figure 4. a) SEM image of graphite b) magnified SEM image of graphite c) SEM image of SiMPs d) 
magnified SEM image of SiMPs e) Particle size distribution of graphite, SiOx, and SiMPs 
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Figure 5. a) SEM image of graphite b) magnified SEM image of graphite c) SEM image of SiMPs d) 
magnified SEM image of SiMPs e) Particle size distribution of graphite, SiOx, and SiMPs 
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Figure 6. Surface and core XPS patterns of SiOx powder. a) O 1s spectrums b) Si 2p spectrums 
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Figure 7. Electrochemical performance of SG electrode. a) formation voltage profile of SiOx only 
electrode. b) formation voltage profile of SiOx blending electrode. c) formation voltage profile of  full 
cell (cathode: LCO & NCM blending electrode, anode: SiOx & graphite blending electrode). d) Cycle 
performance of SG and MG full-cell at 0.7 C charge and 0.5 C discharge. 
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Figure 8. Swelling of SiOx anode. Cross section SEM images of a) Pristine b) after 250 cycles c) after 
500 cycles. 
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Figure 9. Thickness of SEI layers of SiOx blending electrode after full cell a) after 50 cycles  b) after 
100 cycles c) after 250 cycles d) scanning tranmisssion electron microscope (STEM)-bright field (BF) 
image and STEM-the energy dispersive X-ray spectroscopy (EDS) mapping  of SiOx blending 
electrode after full cell 250 cycles.  
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Figure 10. a) Voltage profiles of MG half-cell b) Cycle performance of MG half-cell c) Formation 
voltage profiles of MG full-cell 
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Figure 11. Nyquist plot of SiOx full cell a) after formation, b) after 10 cycles, c) after 50 cycles 
(Impedance spectroscopy conducted at totally discharged state) 
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Figure 12. XPS analysis of SiOx blending electrode a) after 5 cycles, b) after 50 cycles, and c) after 
350 cycles 
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Figure 13. Cross-sectional images of HR-TEM after a) after 50 cycles b) 250 cycles c) after 500 cycles. 
d) magnified HR-TEM images after 500 cycles, STEM-EDS spectrums of e) point ⅰand f) point ⅱ.  
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Table 1. Previous full cell results with Si-based anode 
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